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Abstract

The emergence of the bilateral embryonic body axis from a symmetrical egg has been a long-

standing question in developmental biology. Historical and modern experiments point to an initial 

symmetry-breaking event leading to localized Wnt and Nodal growth factor signaling and 

subsequent induction and formation of a self-regulating dorsal “organizer.” This organizer forms at 

the site of notochord cell internalization and expresses primarily Bone Morphogenetic Protein 

(BMP) growth factor antagonists that establish a spatiotemporal gradient of BMP signaling across 

the embryo, directing initial cell differentiation and morphogenesis. Although the basics of this 

model have been known for some time, many of the molecular and cellular details have only 

recently been elucidated and the extent that these events remain conserved throughout vertebrate 

evolution remains unclear. This chapter summarizes historical perspectives as well as recent 

molecular and genetic advances regarding: (1) the mechanisms that regulate symmetry-breaking in 

the vertebrate egg and early embryo, (2) the pathways that are activated by these events, in 

particular the Wnt pathway, and the role of these pathways in the formation and function of the 

organizer, and (3) how these pathways also mediate anteroposterior patterning and axial 

morphogenesis. Emphasis is placed on comparative aspects of the egg-to-embryo transition across 

vertebrates and their evolution. The future prospects for work regarding self-organization and gene 

regulatory networks in the context of early axis formation are also discussed.
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6.1 Introduction

Bilaterality is a central feature of animal body organization. In certain invertebrates, such as 

some insects and cephalopods, this feature is determined by the structure of the egg itself 

(Wilson 1928), but vertebrates and many other animals define the plane of bilateral 

symmetry de novo in each embryo. In vertebrates, this plane is ultimately defined by the 

formation of the generalized vertebrate tissues, the dorsal neural tube, notochord and 

somites. The vertebrate body axis fully forms during gastrulation, following the 

internalization of axial mesendoderm at the future dorsal midline of the embryo (Fig. 6.1). 
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This event initiates at the dorsal (upper) lip of the forming blastopore, the importance of 

which was first clearly recognized by Spemann in amphibians, and was defined as the 

“organizer” of axis formation (Spemann 1918; Spemann and Mangold 1924). Spemann 

performed transplantation experiments in salamanders, demonstrating that the dorsal lip 

could induce and organize a normally patterned second body axis when grafted to the 

opposite (ventral) side of a host gastrula. In this “secondary embryo,” the organizer cells 

contributed mostly to notochord themselves, whereas host cells populated the bulk of the 

induced axis, which included neural tube, somites, intermediate mesoderm and gut 

endoderm. Additional experiments showed that organizer might also contribute to 

anteroposterior patterning of the embryo, demonstrating a central role for the organizer 

tissue in controlling cell interactions during development.

Although these main findings were firmly established by the 1930s, it was not until the 

1990s that the cellular and molecular mechanisms underlying the action of the organizer 

were revisited, resulting in the identification of conserved growth factor antagonists and 

transcription factors. The background and history of this work has been written about 

exhaustively by Spemann and his contemporaries and later by modern authors (Spemann 

1938; Waddington 1940; Hamburger 1988; Grunz 2004). As outlined later in this chapter, 

the conservation of the organizer extends to the cellular and genetic levels and largely 

defines the core mechanisms of early vertebrate body plan formation.

In contrast to the conservation of the organizer and its components, the ultimate origins of 

axial bilateral symmetry in vertebrates are seemingly more diverse. Axis formation was first 

extensively studied using amphibians and was linked to cytoplasmic localizations in the egg. 

This was evident in the formation of a natural marker of the future dorsal side, what came to 

be called the “gray crescent” (Roux 1888). Early mechanistic studies suggested the crescent 

formed by rotation of the outer cortex over the yolky inner cytoplasm (reviewed in Clavert 

1962; Ancel and Vintemberger 1948). This “cortical rotation” was verified by later authors 

and found to involve the organization and polarization of microtubules dorsally and the 

transport of dorsalizing determinants (Gerhart et al. 1989). Similar overall patterns are seen 

in primitive fish (Clavert 1962), suggesting that axis specification through cortical rotation in 

the fertilized egg is an ancestral condition in vertebrates.

By contrast, sauropsids (birds and reptiles) and more derived fish (teleost and selachiians/

dogfish) lack an obvious physical marker of dorsoventral polarity. These eggs contain 

abundant yolk and undergo discoidal cleavage, and axis formation occurs after significant 

cleavage in the blastoderm. In birds and reptiles, evidence suggests that rotation of the egg 

during passage through the oviduct affects axis formation in the blastoderm. Similar 

gravitational mechanisms were originally thought to exist in dogfish and teleosts (Clavert 

1962), although recently, mechanisms involving cytoskeletal polarization in the cortex, 

analogous to the amphibian cortical rotation have been found in teleosts (zebrafish and 

medaka).

With the exception of the egg-laying monotremes, which undergo discoidal cleavage and are 

likely similar to reptiles with regard to axial patterning, mammals represent a significant 

divergence from this broad trend. The eggs of therian mammals have lost yolk, reverted to 
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holoblastic cleavage (secondary holoblastic cleavage) and evolved the blastocyst structure to 

facilitate implantation. Consequently, the first cell fate decisions are centered on 

distinguishing the embryo proper from extraembryonic lineages rather than on establishing 

bilateral symmetry. Axial patterning is thus rather late, only becoming apparent after 

implantation, about a week into development. Early blastomeres retain pluripotency for an 

extended time and axis formation requires multiple reciprocal interactions with 

extraembryonic tissues.

Although there was evidence that formation of the organizer depended on polarization of the 

egg, the mechanisms connecting the two were totally unknown to early embryologists. 

Studies in amphibians unexpectedly found that the organizer was itself formed through 

induction, rather than by inheriting gray crescent material. This organizer-inducing activity 

was predominantly found in dorsovegetal cells of the blastula, later termed the “Nieuwkoop 

center” after its discoverer, and its formation depended on cortical rotation (Gerhart et al. 

1989). These experiments were a critical link in the chain of causality from egg to organizer 

and were represented in various three- and four-signal models familiar to developmental 

biologists (Slack 1991). The cortical rotation → Nieuwkoop center → organizer model has 

been a useful conceptual tool and has directed much of the research into the molecular basis 

for these processes and their conservation across vertebrates. It is now appreciated that 

cortical rotation results in dorsal Wnt/beta-catenin signaling, activating Transforming growth 

factor beta (Tgfb)/Nodal signaling in the vegetal cells, which induce and pattern the 

organizer in the overlying equatorial cells. Analogous mechanisms have been found acting 

in the teleost dorsal yolk syncytial layer (dYSL) of the egg and in the avian posterior 

marginal zone (PMZ) epiblast, based on molecular and functional data, suggesting deep 

conservation of these processes in the early vertebrate lineage.

Recent cellular and molecular characterization of axis formation and patterning has 

produced a wealth of examples of such deeply conserved vertebrate developmental 

mechanisms. Vertebrate embryology has historically been a comparative science, with 

investigations encompassing a wide range of diverse organisms. More recently, the use of 

specialized molecular and genetic approaches has largely limited the study of axis formation 

to a few tractable vertebrates, notably the mouse, chicken, Xenopus, and zebrafish. However, 

these species are all fairly evolutionarily derived representatives of their respective groups, 

making inference of primitive vertebrate characters problematic. With the growing ease of 

high-throughput genome analyses, stem cell technology and programmable genome editing, 

the barriers to performing comparative molecular and genetic studies are becoming 

increasingly reduced, potentially heralding a return to a broad comparative approach to 

vertebrate development.

In the context of the egg-to-embryo transition, the formation of the body axis is perhaps a 

defining process, since early developmental processes become organized into a unit 

comprising an individual. Indeed the idea of individuality in twinned embryos was an 

inspiration for Spemann to begin studying the embryological mechanisms of axis formation 

(Hamburger 1988), and remains relevant in current bioethics arguments regarding human 

embryos. This chapter shall review the core concepts relating to the origins and patterning of 

the axis, focusing on recent advances in understanding intracellular reorganizations, 
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intercellular signaling events and cellular migrations. Emphasis has been given to recent 

molecular advances in the context of first discoveries and initial functional studies. Many of 

the ideas in this chapter have been extensively reviewed separately in the context of certain 

organisms, molecules or individual processes, but this chapter will attempt to tie these 

together to generate a more unified picture of axial development throughout the vertebrates.

6.2 Origins of Axial Polarity in the Egg and Early Embryo

The process of determining the initial plane of bilaterality and axis formation was first 

examined closely in the amphibians, where the gray crescent served as marker of the future 

axis (Fig. 6.2). Like most vertebrate eggs, amphibian eggs are initially symmetrical about the 

animal–vegetal axis (axisymmetrical), with the animal pole being the site of polar body 

extrusion, by definition, and more darkly pigmented. The vegetal pole is less pigmented and 

more concentrated with yolk. Using localized fertilization of frog eggs (Rana (Lithobates) 

spp.), Newport and Roux showed that the meridian of sperm entry coincided with the 

embryonic midline (and often the first cleavage plane), with the dorsoanterior axis forming 

opposite the sperm entry side (Newport 1851, 1854; Roux 1885, 1887). Importantly, Roux 

noted an apparent shifting of the animal–vegetal axis toward the sperm entry point, along 

with the appearance of a lightened area in the pigment on the opposing side. This feature 

formed before first cleavage and indicated the axial plane of the embryo, irrespective of the 

cleavage plane, which could be highly variable relative to sperm entry, depending on species 

(Roux 1887, 1888). Later studies confirmed these observations, further showing that the 

position of this “gray crescent”1 strongly predicts the area in which the future dorsal lip of 

the blastopore would form (Morgan and Tsuda 1894; Schultze 1899; Roux 1903; Morgan 

and Boring 1903; Brachet 1904). These classical embryological observations established 

that the dorsal axis and bilateral symmetry were determined upon fertilization of the egg and 

likely occurred prior to the first division, thus disputing the long-held idea that the cleavage 

itself was determinative.

Despite the important nature of the connection between the gray crescent and the dorsal axis, 

the mechanisms of gray crescent formation and function remained elusive for many years. In 

the first comprehensive effort to understand the cellular changes underlying gray crescent 

formation, Ancel and Vintemberger (1948; reviewed in Clavert 1962) examined the 

movement of electrocautery wounds that were made either in the deep yolk or on the surface 

of frog eggs. The motion of these markers revealed that outer egg cortex moves dorsally 

relative to the stationary deeper yolky cytoplasm. Although other models were also 

considered, such as asymmetric cortical contraction, a later series of marking and egg 

manipulation studies in Xenopus largely substantiated and clearly documented the cortical 

rotation model (Vincent et al. 1986; Vincent and Gerhart 1987).

Measurements of relative cortical displacement using superficially or deeply placed 

fluorescent dyes found that cortical rotation begins about halfway though the first cell cycle, 

1The nomenclature of the gray crescent has been quite variable. Roux (1888) referred to this feature as a “crescent-shaped gray seam” 
(halbmondförmigen grauen Saumes). Morgan and Tsuda (1894) used the term “white crescent,” whereas Morgan and Boring (1903) 
used “grey crescent” [sic], translated as “graue Feld” (gray field). Later this became universally referred to as the gray crescent/grauer 
Halbmond/croissant gris.
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eventually covering an average 30° of arc over the dense yolky cytoplasm. Also, cortical 

movement progressed along an animal–vegetal meridian, and toward the future dorsal side 

of the egg (generally away from the sperm entry point), with the region of greatest 

movement correlating with the position of the axial midline (Vincent et al. 1986; Gerhart et 

al. 1989). It is thought that changes in fluid dynamics in the fertilized egg result in a low 

viscosity/high elasticity shear zone in the subcortical region as well as an increase in 

firmness in the deep cytoplasm, allowing this differential movement between two parts of 

the egg (Elinson 1983; Gerhart et al. 1989).

In an extensive comparison of axis forming mechanisms, Clavert (1962) indicates that, in 

addition to amphibians, primitive fish including lampreys, lungfish, and chondrostean fish 

(sturgeons and paddlefish) likely form gray crescents, suggesting that these organisms also 

likely undergo cortical rotation. With these older comparative studies and more recent 

molecular data taken together, it is apparent that the basics of the amphibian cortical rotation 

model are conserved throughout the anamniotes (icthyopsids). And vestiges may exist even 

in some amniotes. It is also now generally appreciated that cortical rotation establishes a 

self-organizing, transient microtubule polarity in the zygote that is critical for the transport 

of cortical cytoplasmic dorsal determinants and activation of Wnt/beta-catenin signaling 

(reviewed in Gerhart 2004; Weaver and Kimelman 2004; Houston 2012). Wnt/beta-catenin 

signaling (see Sect. 6.3.5) also plays a key role in bird and mammal axis formation, but this 

is likely controlled by mechanisms other than cytoplasmic localization.

6.2.1 Mechanisms of Amphibian Cortical Rotation

6.2.1.1 Cortical Rotation in Anurans—A number of studies have shown that cortical 

rotation is primarily controlled by the assembly of parallel microtubule arrays in the vegetal 

cortex (Fig. 6.3). Treatment of fertilized eggs during the middle of the first cell cycle with 

microtubule-depolymerizing agents such as ultraviolet irradiation (UV), exposure to anti-

microtubule drugs, cold and high pressure, can inhibit gray crescent formation and/or block 

axis formation in both frog and salamander eggs (Malacinski et al. 1975; Manes et al. 1978; 

Manes and Elinson 1980; Scharf and Gerhart 1983; Vincent and Gerhart 1987). 

Correspondingly, impressive arrays of parallel microtubules are assembled in the vegetal 

cortical region during the period of cortical rotation in Xenopus and Rana (Lithobates) 

(Elinson and Rowning 1988).

Microtubules are completely disassembled in the egg at fertilization, but progressively 

repolymerize over the first 35 min, approximately when relative cortical movement begins. 

Microtubules in the cortical region initially form a disorganized network that gradually 

becomes organized as cortical rotation progresses. By mid-cortical rotation, microtubules are 

predominantly oriented with the plus ends towards the dorsal side (Houliston and Elinson 

1991; Olson et al. 2015). Live imaging studies indicate that the arrays associate and move 

with the deeper cytoplasm (Houliston 1994; Larabell et al. 1996; Olson et al. 2015). These 

microtubule arrays are transient and are progressively depolymerized upon first cleavage 

under the control of MPF activation (Marrari et al. 2003), thus terminating cortical rotation.

Surprisingly little is known about the regulation of microtubule activity during cortical 

rotation. Generalized kinesin-related protein activity in the cortex proper is thought to tether 
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the microtubule array to the cortex and facilitate movement (Marrari et al. 2003). This has 

been assessed using function-blocking antibodies but specific roles for individual kinesins 

have not been identified. Kinesin1/Kif5b appears dispensable in Xenopus (Marrari et al. 

2000, 2003), and Dynein has been shown to act early in rotation, as shown by injection of 

the antagonistic Dctn2 (Dynamitin/p50; Marrari et al. 2004). Recently, a suite of mRNAs 

localized to the vegetal pole in oocytes has also been implicated in regulating microtubule 

assembly. Maternal mRNA depletion experiments show that reductions in perilipin2 (plin2; 

Chan et al. 2007), tripartite motif containing 36 (trim36; Cuykendall and Houston 2009), 

and dead end homolog 1 (dnd1; Mei et al. 2013) lead to abnormal microtubule array 

formation and failure of cortical rotation. Trim36 can function as a single RING-finger-type 

ubiquitin ligase, and this activity is essential for its role in microtubule assembly 

(Cuykendall and Houston 2009). Dnd1 is an RNA-binding protein required to tether trim36 
mRNA to the cortex, facilitating locally enriched Trim36 protein levels (Mei et al. 2013). 

Dnd1 is typically associated with germline specification (Weidinger et al. 2003), and it is not 

known whether these functions are related. The role of Plin2 is unclear. The protein is 

associated with lipid droplets (Chan et al. 2007), but a structural role for the plin2 RNA has 

also been suggested (Kloc 2009). A different set of localized mRNAs are involved in vegetal 

microtubule organization and transport in the zebrafish zygote (Nojima et al. 2010; Ge et al. 

2014), although with slightly different functions (see Sect. 6.2.2). It remains to be 

determined how these localized molecules interact with microtubule regulatory proteins and 

motor proteins to control microtubule assembly in cortical rotation.

The initial cue for the direction of cortical rotation in normal development is thought to be 

sperm entry, as this site is generally opposite the direction of movement. The central model 

for orientation of the array is a reciprocal positive feedback loop, during which random 

asymmetry in microtubule growth is refined and amplified by rotation of the cortex (Gerhart 

et al. 1989; Gerhart 2004). Microtubules growing into the cortex, originating from the sperm 

aster and within the cortex may provide the initial movement cue (Houliston and Elinson 

1991; Schroeder and Gard 1992). Cortical movement then serves to progressively stabilize 

microtubule growth and formation in the same direction. High-resolution live imaging of 

microtubule assembly and orientation has verified that cortical rotation begins before there is 

visible bias in plus end directionality or microtubule alignment (Olson et al. 2015), an 

observation that was suggested from earlier studies but never directly shown (Larabell et al. 

1996). Additionally, plus end orientation occurs almost as soon as cortical rotation begins, 

indicating that directionality is determined in a punctuated manner rather than progressively 

(Olson et al. 2015).

In vivo, sperm entry or slight asymmetry with respect to gravity could be sufficient to 

initiate cortical movement, although a “vector summation” of microtubule polymerization 

forces, as initially proposed (Gerhart et al. 1989) cannot be ruled out. The shear-induced 

alignment of organelles (endoplasmic reticulum) may also play a role in perpetuating 

alignment, since ER and microtubules are often interdependent (Terasaki et al. 1986). 

Because cortical movement can have a role in determining the orientation of microtubules, 

the overall role of cortical rotation may be thought of as twofold; first to generate relative 

displacement of the cortex, and second to align the microtubule array facilitating the faster 

and longer range transport of determinants.
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Evidence for these determinants came from 90° egg tipping experiments, which cause the 

axis to form in the uppermost part of a tipped egg (Ancel and Vintemberger 1948; Kirschner 

et al. 1980; Gerhart et al. 1981). Also, tipping can rescue axial development following UV-

irradiation (Scharf and Gerhart 1980; Chung and Malacinski 1980). In amphibian eggs, 

denser yolk accumulates in the vegetal pole, which when tipped off axis, results in a 

tendency to “fall” downward against the cortex, which is immobilized in these experiments, 

creating relative displacement. Tipping does not restore microtubules (Zisckind and Elinson 

1990), further suggesting that the relative displacement of cortical dorsal determinants is 

essential, whether achieved normally by microtubule motive force or experimentally by 

gravitational force.

Other studies indicated the existence of an essential, transplantable dorsalizing activity 

associated with the cortex/subcortical cytoplasm (Yuge et al. 1990; Hainski and Moody 

1992; Holowacz and Elinson 1993; Kikkawa et al. 1996; Kageura 1997). And, live imaging 

studies have shown various substances moving dorsally within the shear zone during cortical 

rotation. These include a subset of pigment granules and organelles, fluorescent beads, and 

certain GFP fusion proteins (Miller et al. 1999; Weaver et al. 2003). Their movement is rapid 

(~50 μm/min) and saltatory, consistent with generalized kinesin-based transport along 

microtubules. Transport can be measured from 30°–120° of arc from the vegetal pole, equal 

to and greater than the overall relative cortical displacement (Rowning et al. 1997; Miller et 

al. 1999; Weaver et al. 2003). Interestingly, this distribution matches that of dorsalizing 

cytoplasm taken from the egg (Fujisue et al. 1993; Holowacz and Elinson 1993). 

Additionally, stimulation of microtubule assembly with deuterium can hyperdorsalize 

embryos, potentially through wide-spread distribution of this dorsalizing material along 

many egg meridians (Scharf et al. 1989; Miller et al. 1999). The identity of the molecules 

responsible for the activity of this cytoplasm in vivo is unclear but are likely related to Wnt/

beta-catenin signaling (see Sect. 6.3.2).

Cortical rotation can thus be considered a robust self-organizing symmetry-breaking process 

that integrates cytoskeletal and physical forces to generate a single direction for the short-

range relative displacement of the cortex and for the long-range distribution of molecules 

and putative determinants towards the presumptive dorsal side.

6.2.1.2 Cortical Rotation in Urodeles—Although much of the recent cell and 

molecular characterization of cortical rotation has been done in anurans (Xenopus and Rana 
(Lithobates)), urodeles Triturus and Ambystoma are known to form gray crescents (Bánki 

1927; Clavert 1962). However, urodele eggs are normally polyspermic and the relationships 

between the site of sperm entry or male pronucleus formation and the site of the gray 

crescent are unclear. Recently, relative cortical displacements analogous to those in Xenopus 
have been observed in Cynops (Fujisue et al. 1991), which also exhibits vegetal microtubule 

array assembly during the period of cortical rotation (Iwao et al. 1997). Curiously, although 

some species are ventralized by UV-irradiation (see above), irradiation of Cynops eggs 

dorsalizes embryos (Doi et al. 2000), suggesting that putative dorsal determinants are more 

widely dispersed in these eggs and would remain so in the absence of microtubule assembly 

and cortical rotation. This situation may possibly mimic the random dispersion of 

determinants occurring in deuterium-treated Xenopus eggs. Thus, the basic mechanisms of 
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microtubule-dependent cortical rotation and dorsal determinant transport are conserved in 

amphibians.

Urodeles are thought to lack vegetal cortical localization of RNAs (Elinson and del Pino 

2011; Houston 2013), which is interesting given the connection between localized RNAs 

and cortical rotation in Xenopus and zebrafish. However, it has not been specifically 

demonstrated whether the exact RNAs implicated, including trim36 and syntabulin (sybu), 

are in fact unlocalized in urodeles. Since these RNAs are partially associated with the germ 

plasm, which is not found in urodeles (Nieuwkoop and Sutasurya 1979), one might expect 

an absence of localization. Urodeles may however localize important components 

posttranslationally. Nevertheless the basic mechanisms of polarizing the egg and distributing 

dorsal determinants appear conserved, but are not well understood in either case.

6.2.2 Cortical Rotation and Dorsal Determinant Transport in Zebrafish

Axis formation in zebrafish similarly relies on asymmetric localization of dorsal 

determinants and activation of Wnt/beta-catenin signaling. The polarizing mechanisms and 

the similarity of these to classical amphibian cortical rotation are only now becoming 

apparent, however. It has been traditionally thought that typical cortical rotation does not 

occur in teleost fish. The origin of this assumption is mysterious, but likely can be attributed 

to initial observations on the importance of a polarized dYSL in teleost axial patterning 

rather than formation of a gray crescent-like clear crescent, which does occur in non-teleosts 

(Long 1983; Ho 1992). There do not appear to have been any classical embryological studies 

directly addressing either relative displacement of cytoplasm and cortex or the existence of 

transplantable vegetal cortical cytoplasm.

However, parallel microtubule arrays have been noted at the vegetal pole cortex of the early 

post-fertilization (~20 min) medaka and zebrafish egg (Jesuthasan and Stähle 1997). By 30 

min post-fertilization, this array is offset from the vegetal pole, giving bilateral symmetry to 

the egg. During cleavage of the blastoderm, a second set of microtubule arrays forms along 

the animal–vegetal axis (Strähle and Jesuthasan 1993; Solnica-Krezel and Driever 1994), 

and polarized transport of fluorescent beads has been observed to move animally into the 

YSL and marginal blastomeres (Jesuthasan and Stähle 1997). Disruption of either set of 

microtubules with UV, cold, or nocadazole disrupts axis formation as well as epiboly 

(Strähle and Jesuthasan 1993; Solnica-Krezel and Driever 1994; Jesuthasan and Stähle 

1997).

Thus a two-step transport pathway is proposed (Fig. 6.4). Asymmetry is initially established 

by the localization of determinants to the future dorsal vegetal side of the egg, followed by 

generalized upward movement of material into the YSL and marginal blastoderm cells (the 

dorsal determinants being carried along only on the dorsal side). In support of this idea, a 

recent live imaging study has demonstrated for the first time, as was tacitly assumed, that the 

plus ends of zebrafish vegetal cortical microtubules are oriented dorsally as in frogs (Tran et 

al. 2012). Given the relationship between movement of the cytoplasmic core and 

microtubule orientation in Xenopus eggs (Olson et al. 2015), it is likely that relative cortical 

movement, at least locally, is involved in orienting these microtubules in teleost eggs as well.

Houston Page 8

Adv Exp Med Biol. Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Additional insight into microtubule assembly in zebrafish and further support for the dual-

range model of transport in the yolk cell has recently come from analysis of maternal-effect 

mutants in zebrafish (Nojima et al. 2004, 2010; Lyman Gingerich et al. 2005; Ge et al. 

2014). The mutants hecate (hec; Ge et al. 2014) and tokkaebi (tkk; Nojima et al. 2010) are 

ventralized with near complete penetrance and harbor disruptions in syntabulin (sybu) and 

glutamate receptor interacting protein 2a (grip2a) loci, respectively. Parallel microtubule 

assembly at the vegetal pole is normal in tkk mutants but disrupted in hec mutants. Upward 

movement to the YSL/blastoderm margin is normal in hec eggs, underscoring the 

independence of these two transport systems. Sybu encodes a potential cargo linking protein 

for Kif5b, suggesting a role in microtubule transport of dorsal determinants vegetally. 

Grip2a encodes a scaffolding protein important for subcellular localization in mammalian 

neurons.

Both sybu and grip2a mRNAs localize to the vegetal cortex, along with wnt8a mRNA (see 

below), and these RNAs all undergo an off-center “shift,” mirroring that of the microtubule 

array (Nojima et al. 2010; Lu et al. 2011; Ge et al. 2014). Sybu protein fails to localize to the 

prospective dorsal side in nocodazole-treated eggs, suggesting it is trafficked by 

microtubules. The exact role of Grip2a is not known but it may recruit protein complexes to 

vesicles or organelles that attach to and help align microtubules. Interestingly, grip2 mRNA 

is localized in Xenopus, but follows a germ plasm-like pattern and is not thought to play a 

role in axis formation (Tarbashevich et al. 2007). Similarly, sybu is localized to the germ 

plasm in Xenopus and may play an undefined role in axis formation, possibly in transport or 

in Wnt activation (Colozza and De Robertis 2014).

In zebrafish, maternal loss-of-function mutants have implicated kif5ba in vegetal 

microtubule formation and axis formation (Campbell et al. 2015), although its role is 

complex. Organized vegetal microtubules fail to form and wnt8a does not shift dorsally. 

However, grip2a asymmetric translocation still occurs and sybu RNA is not maintained 

vegetally (Campbell et al. 2015). It is unclear to what extent these phenotypes reflect roles 

for Kif5ba in localizing components vegetally during oogenesis or more acute roles during 

microtubule organization and transport.

6.2.3 Asymmetry in Early Amniote Embryos

Initial axis formation in fish and frogs occurs in the fertilized egg; the dorsal determinants 

are either inherited directly by dorsal cells (frogs, primitive fish) or transmitted from the 

uncleaved yolk cell to peripheral dYSL and overlying dorsal marginal blastomeres (teleost 

fish). The axis in amniotes (birds, reptiles and mammals) relies on mainly on reciprocal 

interactions between upper embryonic and lower extraembryonic tissue layers (epiblast and 

hypoblast, respectively) and asymmetric cell movements, with only hints that early 

asymmetry in the egg or early embryo are involved. Additionally, the links to localized 

activation of growth factor signaling pathways are much less clear.

6.2.3.1 The Role of Gravity in Axis Formation in Sauropsids—Classic 

experiments in the chick have suggested that axis specification occurs in response to gravity 

as the egg rotates as it passes through the oviduct (Fig. 6.5). Axis formation in reptile 
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embryos is thought to occur in a similar fashion, although is less thoroughly studied in this 

regard. Bird and reptile embryos are both highly polyspermic, making it unlikely that sperm 

entry plays a role in axis formation (Waddington 1956). The long-noted von Baer’s rule of 

thumb suggested a relationship between the axis of the egg and that of the embryonic axis 

(von Baer 1828). This axis is most often (~70 %) situated perpendicular to the long axis of 

the egg, with the left side of the embryo oriented towards the blunt end. Eggs rotate clock-

wise about the long axis as they travel through the oviduct (~0.2 rpm) and continue rotating 

in the uterus, where they acquire the shell membranes and shell. As the egg rotates, the 

blastoderm is maintained at an angle of ~45°, balancing the inertia of the rotation with the 

tendency of the buoyant blastoderm to float on the dense yolk (Clavert 1962). In this 

arrangement, the anterior of the embryo forms at the lower end. Most eggs enter the uterus 

and are laid sharp-end first and thus end up following von Baer’s rule. The minority of cases 

where the blunt end enters first are thus truly exceptions that prove the rule, since it is only 

the embryo’s orientation with respect to the external egg shape that is changed; the posterior 

of the embryo still forms at the upper end of the blastodisc.

Both in utero and in vitro experiments have defined a critical period for axis establishment in 

the uterus (Vintemberger and Clavert 1959; Clavert 1961; reviewed in Clavert 1962). Egg 

orientation was manipulated at different times prior to egg-laying and the orientation of the 

embryonic axis was altered if the presentation of the egg was changed at least six hours prior 

to laying. Additionally, eggs could be removed and incubated in vitro in a rotating cylinder 

and the orientation of the embryo was determined by the relative direction of rotation. 

Similar to the experiments in frogs, the effects of earlier rotations could be overridden by 

later manipulations up to the critical period of axis formation. This period correlates with the 

time when the chick blastoderm thins to a single layer, forming the area pellucida epiblast. 

Another set of studies showed that uterine eggs could be incubated in a variety of 

orientations without rotation, or even hung from a chalaza without shells, and the axis 

always formed along the gravitational axis with the posterior end uppermost (Kochav and 

Eyal-Giladi 1971; Eyal-Giladi and Fabian 1980). Thus, it is the response to gravity that is 

critical, not the stress of movement or effect of rotation per se.

Axial polarity and bilateral symmetry in the blastoderm is evident both morphologically and 

molecularly prior to primitive streak formation. The future posterior half of the embryo, in 

which the primitive streak forms, can first be distinguished by the formation of a ridge of 

cells in the deep layer of the posterior area opaca, Koller’s/Rauber’s sickle (Callebaut and 

Van Nueten 1994). Additionally, the hypoblast layer (analogous to the anterior visceral 

endoderm, see below) begins to form in this region, coalescing from isolated hypoblast 

islands delaminating from the epiblast in a posterior-to-anterior progression. The hypoblast 

is then replaced by the endoblast (posterior visceral endoderm), derived from Koller’s sickle, 

in the same progression (Stern 1990; Stern and Downs 2012). Molecular analyses have also 

identified early differential gene expression in this region, including Gdf1 (alias cVg1; 

Seleiro et al. 1996; Shah et al. 1997) in the PMZ of the epiblast and Goosecoid (Gsc) in 

Koller’s sickle (Izpisúa Belmonte et al. 1993). Transplantation experiments showed non-cell/

tissue autonomous induction of ectopic axes, sparking parallels between the PMZ and the 

amphibian Nieuwkoop center (see Sect. 6.3.5).
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The mechanisms leading to these developmental events in the posterior are unknown. The 

prevailing hypothesis for the initiation of this posterior polarity is the differential exposure 

of presumptive areas to maternal cytoplasm during cleavage. In the chicken egg, a particular 

cytoplasmic layer, the subgerminal ooplasm (gamma- and delta-ooplasm) is contained in a 

central region below the blastodisc and overlying the latebra and Nucleus of Pander 

(Callebaut 2005). With the blastoderm offset from the animal pole by the inertia of the 

rotating egg (see above), this cytoplasm would have more prolonged contact with cells 

arising in the upper (future posterior end) of the embryo. The subgerminal cytoplasm may 

also be differentially inherited by primordial germ cells, which form in response to 

cytoplasmic determinants (germ plasm) in birds (Tsunekawa et al. 2000). It is thus possible 

that unknown axial determinants might also be localized to this region, as in amphibians.

6.2.3.2 Early Polarization of the Mammalian Embryo—The evolution of 

implantation in therian mammals resulted in many changes in the structure of the egg and 

early embryo, including a loss of yolk, the reemergence of holoblastic cleavage and the early 

segregation of embryonic and extra embryonic tissues, forming a preimplantation blastocyst 

(see Chap. 4). In light of these major alterations in life history, it has long been of interest to 

determine the extent that axes in the mammalian embryo are determined by cytoplasmic 

asymmetries as in other vertebrates.

Early authors concluded that this must be the case, although these conclusions were 

admittedly based on a few cases of poorly characterized abnormal embryos generated 

following blastomere perturbations (Waddington 1956). However, in contrast to amphibians, 

the separation of early mammalian (rodent and rabbit) blastomeres does not result in 

complementary embryos either having or lacking dorsal structures (Seidel 1956; Tarkowski 

1959; Tarkowski and Wróblewska 1967). Additionally, early mammalian blastomeres 

demonstrate a high degree of developmental plasticity, with each of the four-to-eight cell 

blastomeres contributing to all cell lineages in chimeric embryos (Tarkowski 1961; Mintz 

1964; Kelly 1977). Furthermore, cell fate specification with respect to epiblast/primitive 

endoderm/trophectoderm is largely dependent on cell polarity related to inside or outside 

cell position within the morula, as well as on the timing of asymmetric cell division in 

generating inside cells (Hillman et al. 1972; Ziomek and Johnson 1980; Pedersen et al. 

1986; Morris et al. 2010) (see also Chap. 4). Ablation experiments have found that removal 

of the animal or vegetal poles from fertilized eggs and early blastomeres is fully compatible 

with normal development (Zernicka-Goetz 1998; Ciemerych et al. 2000), unlike the case in 

amphibians. It is therefore generally concluded that segregation of maternal determinants in 

the egg is unlikely to direct axis formation or cell fate patterning in mammals, or that if such 

a bias exists it can be readily overridden by other cellular interactions.

Nevertheless, axis specification requires that symmetry breaking occur at some point prior to 

gastrulation. When this asymmetry is established and to what extent it depends on earlier 

developmental bias or is more or less random has been a recurring debate. There have been 

various attempts to correlate cleavage patterns in the early embryo with asymmetries in the 

blastocyst and conceptus and with the eventual anteroposterior axis of the embryo. A 

preponderance of the evidence however suggests that much of this observed “bilateral 

symmetry” likely results from physical constraints imposed by the zona pellucida (vitelline 
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membrane) or other external constraints and is not connected to the orientation of the 

anteroposterior axis (for detailed reviews of this literature, please see Takaoka and Hamada 

2012; Zernicka-Goetz 2013; Bedzhov et al. 2014 and references therein).

The most compelling evidence for an early cell fate bias is the observation that the order and 

orientation of rotational cleavages in the mouse embryo can influence blastomere fate in the 

blastocyst (Fig. 6.6). In particular, the vegetal blastomere (distal to the polar body) that 

arises from a particular tetrahedral cleavage pattern (which occurs in a subset of cases), will 

disproportionately contribute to the trophectoderm in normal embryos (Piotrowska-Nitsche 

et al. 2005; Torres-Padilla et al. 2007a). Furthermore, chimeras composed exclusively of 

vegetal blastomeres fail to survive (Piotrowska-Nitsche et al. 2005), likely because these 

cells cannot generate sufficient numbers of pluripotent epiblast cells to support development 

(Morris et al. 2012b).

Lineage labeling studies of individual or all four cells have found a similarly biased 

contribution of four cell-stage blastomeres to either inner cell mass (ICM) or trophectoderm 

(TE) fates in a subset of embryos (Fujimori et al. 2003; Tabansky et al. 2013). Importantly, 

this developmental bias was reflected in cell lineage but not in relative cell positioning 

toward the embryonic or abembryonic poles of the blastocyst. For technical reasons 

however, the specific contribution of vegetal blastomeres could not be assessed in these 

studies. Mechanisms underlying this bias may include epigenetic regulation of cell polarity 

(Parfitt and Zernicka-Goetz 2010), decreased pluripotency transcription factor occupancy at 

target genes (Plachta et al. 2011) or a combination of factors. How this differential 

regulation is initiated is unknown, but the lack of maternal influences and a lack of 

differential gene expression in two- and three-cell blastomeres (VerMilyea et al. 2011) 

suggest that this bias is either an emergent property or a positioning effect in the four-cell 

stage embryo.

It is unclear at present whether any bias in early blastomere fate can be connected to axis 

specification in the mammalian embryo. Although this will be discussed further in Sect. 

6.5.1 and similar to the bird embryo, the proximal events in mammalian axis formation 

involve the asymmetric migration of cells in the extraembryonic anterior visceral endoderm/

hypoblast.

6.3 Initiation of Axis Induction by Dorsal Determinant Signaling

Numerous models have been suggested for how early asymmetries in the egg and embryo 

can lead to the specification of the organizer and ultimately to axis formation. Classical 

views, perhaps influenced by the importance of cytoplasmic localizations in invertebrates, 

suggested that the amphibian gray crescent contained precursors or determinants of the 

organizer (Wilson 1928). Another influential idea was that of a dorsal “cortical field” 

intersecting with a vegetal yolk gradient to determine the position of the organizer (Dalcq 

and Pasteels 1937). Later experiments showed that mesoderm in general, and the organizer 

in particular, required inductive cell–cell signaling by the vegetal prospective endoderm (see 

Chap. 7; Boterenbrood and Nieuwkoop 1973; Gimlich and Gerhart 1984; Dale et al. 1985), 

suggesting that cell-autonomous inheritance of organizer determinants was subordinate to 

Houston Page 12

Adv Exp Med Biol. Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mesoderm induction. Importantly with respect to axis formation, Nieuwkoop and colleagues 

showed that the blastula vegetal mass is dorsoventrally patterned, with only the dorsovegetal 

cells being able to induce dorsal mesoderm/organizer. This dorsal signaling center, or 

“Nieuwkoop center” as it became known (Gerhart et al. 1989), was also demonstrated by 

transplantation of dorsal vegetal cells into UV-ventralized hosts (or ventrally into normal 

hosts), resulting in largely non-cell-autonomous organizer and axis induction (Gimlich and 

Gerhart 1984; Gimlich 1986; Kageura 1990).

Cortical rotation emerged as the candidate upstream event leading to Nieuwkoop center 

formation in dorsovegetal cells, as embryos ventralized by UV-irradiation lack both 

Nieuwkoop center and organizer activity (Smith et al. 1985; Gerhart et al. 1989). Also, 

because the extent of mesoderm induction is unchanged in ventralized embryos (Cooke and 

Smith 1987), a hypothesis was formed that the Nieuwkoop center generates a distinct 

dorsalizing signal or a competence modifying signal, which acts along with a general 

mesoderm inducer to induce the organizer. This idea became enshrined in the influential 

three-signal models of axis formation (Smith et al. 1985; Smith 1989; Heasman 1997). It is 

now recognized, owing to the work of many labs over many years, that this “dorsal signal” is 

not a unique signal at all, but represents an early and elevated wave of Nodal-related Tgfb 

signaling that is regulated by dorsally enriched Wnt/beta-catenin signaling and other 

maternal factors (see below).

Although many of these studies were conducted using Xenopus embryos, transplantation 

experiments have shown that localized regions in the blastula-equivalent stages of the 

zebrafish and chicken embryo can induce axes non-cell autonomously (dYSL, Mizuno et al. 

1999; PMZ epiblast, Bachvarova et al. 1998). These regions also ultimately act through 

elevated Nodal signaling, either downstream of or in concert with Wnt/beta-catenin 

signaling, suggesting that the mechanisms of axis induction are widely conserved vertebrate 

development. In mammals however, Nodal signaling likely precedes obvious Wnt 

asymmetry and is the main determinant of axis formation, albeit in conjunction with Wnt 

signaling. In this section, the roles of early Wnt signaling in establishing dorsal fates in 

amphibians and fish are reviewed, along with the conserved but divergent roles of Wnt and 

Nodal signaling in regulating organizer formation across vertebrates.

6.3.1 Basic Wnt Signaling Mechanisms

Since its initial discovery as a mammalian oncogene (Nusse and Varmus 1982), signaling by 

the deeply conserved Wnt1 (int-1/wingless (wg)) family of growth factors has emerged as a 

central feature of many aspects of animal development and disease. The reception of Wnt 

signals and intracellular signal transduction mechanisms has been extensively studied in 

vivo in both vertebrate and invertebrate organisms as well as in tissue culture cells. Although 

there are many variations that are important in specific tissues and disease states, three main 

arms of the pathway are widely implicated in vertebrate axis formation. These are: (1) the 

regulation of Ctnnb1 protein stability (beta-catenin protein hereafter), nuclear localization 

and transcriptional activity, (2) the regulation of cytoskeletal organization and cell polarity, 

and (3) the release of calcium from intracellular stores. With the caveats in mind that much 

of Wnt signaling entails complex, context-dependent and networked interactions, it remains 
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useful to understand the basic features of Wnt pathways involved in early axis development. 

There are numerous comprehensive reviews on different aspects of Wnt signaling 

(MacDonald et al. 2009; Hikasa and Sokol 2013); here the key evidence of Wnt signaling in 

axis formation and the core signal transduction mechanisms most involved in axis formation 

and patterning will be briefly reviewed.

6.3.1.1 Wnt/Beta-Catenin Signal Transduction Mechanisms—In Wnt-

unstimulated cells, beta-catenin protein is constitutively turned over by the activity of a 

multiprotein “destruction” complex (Fig. 6.7). This complex contains Axin1, Adenomatosis 

polyopsis coli (Apc), Glycogen synthase kinase 3 beta (Gsk3b), and Casein kinase 1 alpha 

(Ck1a/Csnk1a1), and serves to regulate the phosphorylation of cytoplasmic beta-catenin by 

Gsk3b and Ck1a (reviewed in MacDonald et al. 2009; Clevers and Nusse 2012; Hikasa and 

Sokol 2013). These phosphorylations in the beta-catenin N-terminus allow recognition by 

members of the beta-transducin repeat containing E3 ubiquitin protein ligase family (Btrc, 

Jiang and Struhl 1998; Liu et al. 1999a) and target phospho-beta-catenin for ubiquitylation, 

resulting in degradation by proteasomes (Aberle et al. 1997). Axin is thought to be a key 

limiting component of this complex, regulating the assembly of the destruction complex 

(Lee et al. 2003) and recruiting the beta-catenin kinases (Ck1a and Gsk3b) for the priming 

and processive phosphorylation, respectively, of beta-catenin (Liu et al. 2002; Amit et al. 

2002).

Wnt stimulation inactivates the destruction complex through a little understood mechanism 

involving recruitment of the cytoskeletal adaptor protein Dishevelled (Dvl homologs 1–3). 

This blocks the activity of Gsk3b (Siegfried et al. 1992, 1994; Cook et al. 1996) and 

prevents beta-catenin phosphorylation, thereby allowing cytoplasmic accumulation and 

subsequent nuclear localization of beta-catenin (MacDonald et al. 2009; Clevers and Nusse 

2012; Hikasa and Sokol 2013). Nuclear beta-catenin interacts with the LEF/TCF family of 

High Mobility Group (HMG) domain transcription factors (Brunner et al. 1997, see below) 

either to activate or to “derepress” transcription of Wnt-responsive genes (Fig. 6.7).

Signaling is initiated by binding of Wnts to one of seven-transmembrane domain Frizzled 

(Fzd) receptors plus a coreceptor, lipoprotein receptor-related protein Lrp5 or Lrp6 (Lrp5/6; 

reviewed in He et al. 2004). Fzds are heterotrimeric G protein-coupled receptors that are 

activated in response to Wnts (Slusarski et al. 1997b; Katanaev and Buestorf 2009). Wnts 

bind to Fzd through the receptor’s extracellular cysteine-rich domain (CRD), with key 

contacts being made between the Wnt lipid moiety and a separate hydrophobic “index 

finger” interacting with grooves in the CRD (Janda et al. 2012). Wnts also interact with the 

Lrp6 extracellular domain, leading to clustering of the receptors and coreceptors (Tamai et 

al. 2000; Mao et al. 2001; Kato et al. 2002; Liu et al. 2003; Itasaki et al. 2003). The induced 

proximity of the intracellular domains of Fzd and Lrp6 is necessary and sufficient to initiate 

downstream signaling and inhibition of beta-catenin phosphorylation (Tolwinski et al. 2003).

The inhibition of beta-catenin degradation following Wnt receptor activation remains 

incompletely understood. Recent observations together with extensive data on biochemical 

interactions have suggested that Wnt-Fzd binding activates Dvl, possibly through GPCR 

activation, to recruit Axin/Gsk3b/Ck1a complexes to the Lrp6 intracellular domain, resulting 
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in phosphorylation by Gsk3b and Ck1a (Mao et al. 2001; Tolwinski et al. 2003; Cliffe et al. 

2003; Tamai et al. 2004; Davidson et al. 2005; Zeng et al. 2005, 2008; Egger-Adam and 

Katanaev 2010; Jernigan et al. 2010). Lrp6 phosphorylation occurs at PPPSPxS motifs, 

which serve as sites for additional Axin complex recruitment and are thought to directly 

inhibit destruction complex Gsk3b activity (Piao et al. 2008; Cselenyi et al. 2008; Wu et al. 

2009). Furthermore, Axin itself is a Gsk3b substrate (Yamamoto 1999) and Gsk3b inhibition 

results in Axin dephosphorylation and its dissociation from phospho-Lrp6 and beta-catenin 

(Kim et al. 2013). Axin is then free to be either phosphorylated again to reconstitute beta-

catenin destruction complexes or degraded. These data are consistent with a kinetic analysis 

of beta-catenin regulation, which suggests that Wnt signaling results in partial inhibition of 

both Gsk3b and Ck1a activities (Hernández et al. 2012). It is possible that this effect could 

be explained by the inactivation of a subset of limiting and finite destruction complexes 

through Axin dephosphorylation, which would then depress overall beta-catenin 

phosphorylation at the population level in a distributed manner.

In a separate but not necessarily mutually exclusive model, Dvl recruitment leads to 

multimerization of phospho-Lrp6-Fzd complexes, followed by accumulation of Dvl 

aggregates, leading to positive feedback recruitment and inactivation of destruction 

complexes (Metcalfe and Bienz 2011; Dobrowolski and De Robertis 2012). There is also 

evidence that these receptor complexes are incorporated into signaling endosomes (Lrp6 

signalosomes) to stabilize and amplify signaling (Bilic et al. 2007). Other data suggest that 

these signalosomes are eventually sequestered into multivesicular bodies, leading to the 

longer-term removal of Gsk3b activity and the inability to phosphorylate newly synthesized 

beta-catenin (Taelman et al. 2010).

6.3.1.2 Transcriptional Regulation by Wnt/Beta-Catenin Signaling—
Transcriptional responses in response to beta-catenin are mediated by binding to Lymphoid 

Enhancer-binding Factor 1 (Lef1)/Transcription factor 7 (T-cell specific, HMG-box; Tcf7) 

proteins. These proteins are constitutively nuclear and typically repress target genes by 

recruiting Groucho family repressors (Roose et al. 1998; Barker et al. 2000). Beta-catenin 

accumulation can lead to displacement of Groucho and activation of target genes, through a 

combination of derepression and transcriptional activation, mediated by distinct Lef1/Tcf7 

proteins. Tcf7l1 (Tcf3 hereafter) likely exclusively acts as a transcriptional repressor during 

early development, with Lef1 and Tcf1 proteins serving as activators, and Tcf7l2 (Tcf4) 

exhibiting spliceform-dependent activator and repressive functions (Pukrop et al. 2001; 

Gradl et al. 2002; Wöhrle et al. 2007; Weise et al. 2010).

This protein family has diverged in function, with Tcf3 primarily performing a repressive 

role during early development and others acting as beta-catenin-dependent co-activators later 

in development (see Sect. 6.5.3). Tcf3 constructs lacking the ability to interact with beta-

catenin, by deletion of the N-terminal beta-catenin-binding domain (deltaNTcf3), have been 

used to inhibit Wnt/beta-catenin-regulated transcription, as these cannot be derepressed or 

activated by beta-catenin. Expression of deltaNTcf3 during the cleavage stages efficiently 

ventralizes embryos (Molenaar et al. 1996; Pelegri and Maischein 1998), but fails to inhibit 

ventrolateral development or to block a late Wnt overexpression effect in Xenopus (i.e., 

anterior truncations; Hamilton et al. 2001). Additionally, experimental depletion of Tcf3 is 
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sufficient to activate Wnt target gene expression during vertebrate axis development (Kim et 

al. 2000; Houston et al. 2002; Dorsky et al. 2003; Merrill et al. 2004) and in embryonic stem 

cells (Yi et al. 2008). Recent data from mouse studies in which the mutant deltaNTcf3 was 

knocked into the endogenous Tcf7l1 locus have substantiated the idea that Tcf3-mediated 

repression is critical for its role in early development (Wu et al. 2012a). Gastrulation 

proceeded normally in these mice, suggesting that the proper amount of transcriptional 

derepression of Tcf3 targets can occur in the absence of beta-catenin-Tcf3 interactions 

during axis formation. However, beta-catenin interactions with Tcf3 and with other Lef1/

Tcf7 proteins are required later in development and in cancer cells (Wu et al. 2012a; Shy et 

al. 2013).

Derepression of Tcf3 is sufficient for Wnt target gene activation, although co-activators are 

also required for normal development, suggesting both likely operate in vivo. Beta-catenin 

recruits a number of co-activators including p300 and the conserved nuclear complex 

containing Pygopus and Bcl9 proteins (Kramps et al. 2002; Parker et al. 2002; Belenkaya et 

al. 2002). Pygo/Bcl9 are thought to be dedicated to Wnt signaling and may regulate the 

extent that Tcfs and beta-catenin associate with chromatin (Hoffmans et al. 2005; Fiedler et 

al. 2008; Mieszczanek et al. 2008). Also, beta-catenin has also been implicated in 

establishing poised chromatin architecture prior to major zygotic gene activation. Evidence 

in Xenopus suggests that beta-catenin recruits Histone H3 Arginine 8 Methyltransferase 

(Prmt2; Blythe et al. 2010) to modify chromatin at target loci prior to the onset of target 

gene expression. Thus, Wnt target genes are regulated both by direct transcriptional 

activation following beta-catenin recruitment and by beta-catenin-regulated changes to 

chromatin, modes of regulation that may be temporally uncoupled. It is unclear, however to 

what extent the Pygo-regulated mechanisms and Prmt2 chromatin modifications are 

interrelated or instead exhibit overlapping or redundant regulation of Wnt targets genes.

6.3.1.3 Wnt/Planar Cell Polarity (PCP) Signaling—The first studies on Wnt 

signaling focused on the regulation of beta-catenin in development and cancer. Subsequent 

work found additional roles for a subset of Wnt ligands other components in controlling cell 

movements during axis organization and/or antagonism of the Wnt/beta-catenin pathway 

(Rauch et al. 1997; Rothbächer et al. 2000; Wallingford et al. 2000; Veeman et al. 2003a) 

(Fig. 6.7). In vertebrates, these beta-catenin-independent Wnt pathways (often referred to, 

malapropos, as the “noncanonical” Wnt pathways) were shown to act through conserved 

Drosophila planar cell polarity (PCP) homologs and/or through release of intracellular 

calcium (Wnt/PCP and Wnt/Calcium pathways). Although these different pathway 

designations are convenient conventions, there is likely a large degree of overlap and 

interaction among them in vivo, particularly in the case of the Wnt/PCP and Wnt/Calcium 

pathways, and the ultimate outcome of signaling is likely dependent on the complement of 

Fzd receptors and coreceptors present on a given cell. This important point was exemplified 

early on by experiments showing that Wnt5a, traditionally considered a beta-catenin-

independent Wnt ligand, could induce second axes in Xenopus when co-expressed with its 

cognate receptor Frizzled 5 (He et al. 1997), and recently by studies demonstrating Wnt5a-

mediated regulation of beta-catenin-dependent and -independent Wnt signaling in mammals 

(Mikels and Nusse 2006; van Amerongen et al. 2012).
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PCP signaling in vertebrates involves a set of components largely homologous to those 

mediating planar cell polarity signaling during imaginal disc development in insects (Vinson 

and Adler 1987; Krasnow and Adler 1994). This core set of proteins controls asymmetric 

Fzd1 localization (Strutt 2001) independently of Wnt ligands (Lawrence et al. 2002) and 

have been characterized genetically and biochemically in Drosophila (reviewed in Maung 

and Jenny 2011; Jose Maria Carvajal-Gonzalez 2014). These proteins include Fzd, 

Dishevelled, Flamingo (Fmi, a seven transmembrane pass cadherin), Prickle (Pk, a LIM and 

PET domain protein), strabismus/Van Gogh (Stbm/Vang, a four transmembrane protein with 

a PDZ motif), and Diego (Dgo, an ankyrin repeat protein). Homologous proteins also control 

epithelial cell and tissue polarity in vertebrates, notably in the inner ear (reviewed in Veeman 

et al. 2003a; Bayly and Axelrod 2011). Additionally, vertebrate PCP proteins are critical for 

controlling cell shape and cell migration in mesenchymal-type cells. Cell intercalation and 

cell migration during vertebrate gastrulation and neurulation in particular are dependent on 

Wnt/PCP signaling (reviewed in Solnica-Krezel and Sepich 2012).

The mechanisms of signal transduction during Wnt/PCP signaling in vertebrates are more 

varied and less well characterized than those of the beta-catenin-dependent pathway. 

Activation of the Wnt/PCP pathway in vertebrates is dependent on certain Wnt-Fzd 

combinations and a different set of coreceptors instead of Lrp5/6, including Ryk (Kim et al. 

2008; Yoshikawa et al. 2003), Ror2 (Schambony and Wedlich 2007; Gao et al. 2011), and 

various Glypican proteoglycans (Topczewski et al. 2001; Ohkawara et al. 2003). 

Additionally, the transmembrane protein encoding Protein tyrosine kinase 7 (Ptk7) has been 

characterized as a novel regulator of PCP signaling (Lu et al. 2004; Yen et al. 2009). The 

role of Ptk7 is unclear, but it may represent an additional Wnt coreceptor modulating beta-

catenin inhibition and activation with PCP signaling (Peradziryi et al. 2011; Hayes et al. 

2013; Bin-Nun et al. 2014; Linnemannstöns et al. 2014). Dvl involvement is also critical for 

beta-catenin-independent Wnt signaling, although different domains are important for each 

function by controlling protein complex assembly and subcellular localization (Axelrod et 

al. 1998; Boutros and Mlodzik 1999; Rothbächer et al. 2000). The N-terminal DIX domain 

(Dishevelled, Axin) is critical for beta-catenin regulation whereas the C-terminal DEP (Dvl, 

Egl-10, Pleckstrin) domain regulates PCP and calcium signaling. In Drosophila, Dvl 

associates with Fzd1 and localizes to the distal cell margin. This complex inhibits the distal 

accumulation of Vang/Pk complexes, which are restricted proximally.

In vertebrates, similar complexes are implicated but the assembly and asymmetry of these is 

less understood. Fzd/Dvl association likely occurs following GPCR activation, and Dvl and 

Fzds accumulate in asymmetric puncta in cells in various vertebrate tissues undergoing PCP. 

In the zebrafish gastrula, Dvl-GFP is localized to the posterior membrane of cells whereas 

injected Drosophila Prickle-GFP localizes to the opposite, anterior edge (Ciruna et al. 2006; 

Yin et al. 2008). Additionally, in the mouse posterior notochord/node, Prickle2 and Vangl1 

colocalize at the anterior edge of cells (Antic et al. 2010) and Dvl-GFP localizes posteriorly 

(Hashimoto et al. 2010). However, in other tissues such as the cochlea, Vangl2 and Fzd3 

colocalize (Wang and Nathans 2007), but Prickle2 and Fzd6 localize to opposite sides 

(Deans et al. 2007). Celsr1 (a vertebrate Fmi homolog; cadherin, EGF LAG seven-pass G-

type receptor 1) may also play a role in recruiting Dvl/Fz complexes to adherens junctions in 

the neural plate and mediating subsequent signaling (Nishimura et al. 2012). Thus in 
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vertebrates, the roles of the different core PCP components may have diverged following 

gene duplication and the acquisition of Wnt ligand dependence and may have taken on 

tissue- or cell type-specific roles.

Dvl recruitment in the context of Wnt/PCP signaling is implicated in the control of 

cytoskeletal dynamics through the activation of small GTPases. Dvl can recruit the Formin-

related Daam1 protein to activate Rho in an Wnt-dependent manner and regulate actin 

dynamics (Habas et al. 2001). Additionally, Rho activation can lead to Rho kinase (Rok2) 

activation to control cell shape (Marlow et al. 2002; Tahinci and Symes 2003). In a separate 

and parallel pathway, Dvl can directly activate Rac downstream of Wnt, leading the 

stimulation of filopodial extensions and Mapk8 (Jun N-terminal kinase, JNK) activation 

(Habas et al. 2003; Tahinci and Symes 2003). The coordinate activity of Rho and Rac, and 

potentially other small GTPases, is required for cell intercalation and convergent extension 

morphogenesis in many developing tissues.

6.3.1.4 Wnt/Calcium Release Signaling—Certain Wnt-Fzd combinations can 

stimulate the release of intracellular calcium stores (reviewed in Veeman et al. 2003a; Kohn 

and Moon 2005) and signal independently of beta-catenin. The regulation of this pathway 

also begins with Fzd-mediated heterotrimeric G protein activation and involves well-

characterized GPCR responses, namely phosphoinositide turnover (Slusarski et al. 1997b), 

activation of cGMP-phosphodiesterase (Ahumada et al. 2002), as well as Calmodulin-

dependent protein kinase 2 (Camk2) and Protein kinase C (Prkca) activation (Sheldahl et al. 

1999; Kuhl et al. 2000). Many of the same coreceptors involved in Wnt/PCP signaling are 

also critical for the Wnt/calcium pathway, suggesting that these pathways overlap 

considerably (Fig. 6.7). In line with this idea, overexpression of Dvl can initiate calcium flux 

and activate Camk2 and Prkca in fish and frog embryos (Sheldahl et al. 2003). Similarly, 

overexpression of Prickle1 indirectly regulates calcium dynamics (Veeman et al. 2003b). 

Also, recruitment of Dvl to the membrane during PCP signaling requires a calcium-

regulated PKC isoform, Prkcd (Kinoshita et al. 2003). Wnt/PCP and Wnt/Calcium are likely 

to be tightly integrated, owing to shared components and shared roles in regulating 

morphogenesis during gastrulation and beta-catenin antagonism.

Evidence suggests that Wnt/Calcium signaling is essential for inhibiting beta-catenin 

activation during axis formation. Loss of maternal Wnt5b in zebrafish eliminates calcium 

flux in the blastula and triggers ectopic beta-catenin activity, resulting in dorsalized embryos 

(Westfall et al. 2003). This effect was partially rescued by Camk2, suggesting that calcium-

mediated activation of this pathway is sufficient to suppress beta-catenin activity. Wnt/

Calcium is also implicated in activating Nemo-like kinase (Nlk) (Ishitani et al. 1999, 2003; 

Meneghini et al. 1999) and Nfatc nuclear translocation (Saneyoshi et al. 2002) to antagonize 

beta-catenin activity.

6.3.1.5 Wnt Secretion and Extracellular Regulation—Wnts are secreted and are 

modified by glycosylation (Brown et al. 1987; Papkoff et al. 1987) and lipidation (Willert et 

al. 2003). Efficient secretion of Wnts requires glycosylation and palmitoleoylation, the latter 

of which is mediated by the Porcupine (Porcn) family of acyl transferases (van den Heuvel 

et al. 1993; Kadowaki et al. 1996; Hofmann 2000; Tanaka et al. 2000). Tyrosine sulfation 
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has also been observed and may be necessary for activity in some cases (Cha et al. 2009). 

Wnt secretion also requires trafficking of Wnt from the Golgi apparatus to the plasma 

membrane by the Wntless Wnt ligand secretion mediator (Wls; alias Evi/Gpr177/Wingful) 

as well as efficient recycling of Wls through the endosome-retromer system (Bartscherer et 

al. 2006; Coudreuse 2006). Interestingly, Wls is a direct Wnt/beta-catenin target gene in 

mouse and is required for extracellular Wnt signaling during mouse axis formation (Fu et al. 

2009), indicating that Wnt activity potentiates its own signaling. Additional evidence 

suggests Wnt proteins may also be packaged into lipoprotein particles and/or exosome 

vesicles (Panáková et al. 2005; Gross et al. 2012). Wnts can act as both long-and short-range 

signaling molecules in the extracellular space, acting as developmental morphogens (Zecca 

et al. 1996). Wnt signaling gradients can also interact with those of a Wnt antagonist, Dkk1, 

to establish hair follicle spacing through a Turing-like reaction-diffusion mechanism (Sick et 

al. 2006), illustrating one of the complex ways this pathway can used to establish tissue 

patterns in development.

Wnt signaling can be tightly regulated in the extracellular space by a host of different Wnt 

antagonists. Many of these proteins belong to large protein families and have redundant and 

tissue-specific functions throughout development (Cruciat and Niehrs 2013). The main 

secreted Wnt antagonists involved in axial patterning are the Secreted Frizzled-related 

proteins (Sfrps), which bind directly to Wnts and antagonize different Wnt ligands, and 

Dickkopf1 (Dkk1), which acts at the level of the Wnt/Lrp6 receptor complex. In addition, 

the secreted Notum pectinacetylesterase homolog was identified as a Wnt antagonist in 

Drosophila (Giraldez et al. 2002; Gerlitz and Basler 2002) and is thought to act by 

promoting membrane shedding of Glypican Wnt coreceptors (Kreuger et al. 2004). Recent 

data from flies and vertebrates also suggests that Notum acts as a Wnt deacylase, cleaving 

the Wnt palmitoleate moiety, resulting in Wnt ligand oxidation and inactivation (Kakugawa 

et al. 2015; Zhang et al. 2015). Notum is conserved and is involved in feedback regulation of 

Wnt signaling body axis patterning in Planaria (Petersen and Reddien 2011), and recent data 

suggest a role in dorsoventral neural tube pattering in zebrafish (Flowers et al. 2012).

Transmembrane antagonists have recently been identified as well. Those with roles in axis 

formation include the leucine-rich repeat protein Trophoblast glycoprotein (Tbgp/Waif1) and 

Tiki1 (Trabd2a). Tbgp is thought to act as a feedback Wnt inhibitor, acting in Wnt-receiving 

cells to alter Lrp6 subcellular localization (Kagermeier-Schenk et al. 2011). Trabd2a/Tiki1 is 

a transmembrane metalloproteinase enriched in the organizer that can cleave a subset of Wnt 

ligands, causing their abnormal oxidation and oligomerization and reduced receptor binding 

(Zhang et al. 2012).

6.3.2 Wnt/Beta-Catenin Signaling in Early Axis Formation

The central role of Wnt/beta-catenin signaling in axis formation was initially demonstrated 

largely through simple overexpression experiments in Xenopus and zebrafish embryos. The 

first of these was the induction of axis duplications in Xenopus by injected mouse Wnt1 
mRNA (McMahon and Moon 1989). Xenopus wnt8a (Xwnt-8; Christian et al. 1991; Sokol 

et al. 1991, Smith and Harland 1991), and several other Wnt ligands (Wolda et al. 1993; Du 

et al. 1995; Kelly et al. 1995a) can also induce secondary axes and rescue UV ventralization. 
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Importantly, beta-catenin also exhibits axis inducing activity (Funayama et al. 1995; Guger 

and Gumbiner 1995), and both Wnt and beta-catenin can induce axial structures non-cell 

autonomously when expressed in vegetal blastomeres, suggesting that this activity acts 

analogously to a Nieuwkoop center (Smith and Harland 1991; Guger and Gumbiner 1995).

Interestingly, later overexpression of wnt8a during gastrulation (from injected plasmid DNA 

as opposed to mRNA) causes a loss of anterior structures, indicating roles for Wnts in 

patterning of the axis as well as its induction (Christian and Moon 1993). Other Wnts, 

including Wnts 4, 5a and 11b, do not elicit axis duplications but disrupt gastrulation 

movements and cell adhesion when overexpressed (Moon et al. 1993; Ku and Melton 1993; 

Du et al. 1995). Additionally, these Wnts can be antagonistic to the axis-inducing Wnts in 

some cases (Torres et al. 1996). The same ligands were also shown to trigger intracellular 

calcium release when expressed in the early zebrafish embryo (Slusarski et al. 1997a, b).

Loss-of-function experiments have established that Wnt/beta-catenin signaling is essential 

for axis formation in vertebrates. The first evidence for this came from antisense 

oligonucleotide mRNA depletion of maternal ctnnb1 mRNA in Xenopus oocytes, leading to 

embryos lacking axial structures and dorsal-specific gene expression (Heasman et al. 1994). 

Additionally, in Nieuwkoop conjugate experiments, late blastula vegetal masses from 

ctnnb1-depleted embryos fail to induce dorsal mesoderm in animal caps, suggesting that 

maternal Wnt/beta-catenin is essential for the generation of the Nieuwkoop signal and acts 

upstream of other axis-inducing molecules (Wylie et al. 1996). Analysis of heterochronic 

Nieuwkoop conjugates pre-and post-midblastula transition also showed that dorsal and 

general mesoderm induction are primarily zygotic events (Wylie et al. 1996). Beta-catenin is 

present in dorsal nuclei prior to major zygotic genome activation in the Xenopus morula and 

blastula as well as in the zebrafish dYSL and dorsal marginal blastomeres (Schneider et al. 

1996; Jesuthasan and Stähle 1997; Kelly et al. 2000; Dougan et al. 2003) demonstrating that 

Wnt/beta-catenin signaling is active in the relevant region of the embryo.

In addition to theses data, genetic studies in zebrafish identified a requirement for a 

maternally expressed beta-catenin in normal axis formation (ctnnb2/ichabod; Kelly et al. 

2000). Furthermore, in the mouse, genetic deletion of Ctnnb1 results in embryos lacking 

axial structures and anteroposterior polarity, resulting from lack of all mesoderm and failure 

to form the anterior visceral endoderm (AVE) (Haegel et al. 1995; Huelsken et al. 2000; 

Morkel et al. 2003). Mouse beta-catenin is pre-dominantly required in the epiblast, as shown 

in chimeric embryo experiments (Huelsken et al. 2000) and is not required maternally (De 

Vries et al. 2004), reflecting a different mode of activation in mammals. The main Wnt 

ligand expressed at this time, Wnt3, is primarily expressed in the posterior epiblast and is 

required for embryonic axis and mesoderm formation (Liu et al. 1999b). Interestingly, the 

formation of the AVE is normal in Wnt3 null mice, indicating a differential role for beta-

catenin in the development of this tissue. A Wnt ligand-independent role for beta-catenin in 

anteroposterior patterning has been proposed (Morkel et al. 2003), possibly through 

regulation of Tdgf1 (teratocarcinoma-derived growth factor 1, alias Cripto/frl1) expression 

and subsequent effects on Nodal activity (see Sect. 6.5). Although genetic manipulations are 

less tractable in the chicken, studies using extracellular Wnt inhibitors suggested that Wnt 

signaling is required for experimental axis induction (Skromne and Stern 2001).
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6.3.3 Asymmetric Activation of Wnt/Beta-Catenin Signaling in Early Amphibian and Fish 
Embryos

6.3.3.1 Xenopus—Despite the well-documented roles for beta-catenin in axis formation 

in Xenopus, and more recently in zebrafish, it remains relatively unclear how Wnt/beta-

catenin signaling is initiated in early embryos, as well as the extent that these activating 

mechanisms are conserved. Cytoplasmic transplantation studies in Xenopus identified the 

presence of a cytoplasmic, transplantable dorsalizing activity in the vegetal cortical region 

(Darras et al. 1997; Marikawa et al. 1997; Marikawa and Elinson 1999). By correlating its 

activity with various axis-inducing molecules, this vegetal cortical cytoplasm was found to 

mimic intracellular activation of the Wnt/beta-catenin signaling pathway (Marikawa and 

Elinson 1999). Curiously, UV-irradiation experiments in Xenopus oocytes indicated that this 

cytoplasm showed cell cycle-dependent sensitivity to UV Irradiation of the egg disrupts 

microtubule assembly and cortical rotation, although the activity of the vegetal cortical 

cytoplasm itself is not affected. By contrast, UV-irradiation of full-grown oocytes effectively 

does eliminate the dorsalizing ability of vegetal cytoplasm and ventralizes embryos (Holwill 

et al. 1987; Elinson and Pasceri 1989). Eggs irradiated as oocytes undergo normal cortical 

rotation and are not rescued by tipping (Elinson and Pasceri 1989), suggesting that a critical 

component of axis induction is absent.

The target of UV irradiation in the oocyte is not known, but either its action is completed by 

oocyte maturation or it is subsequently sequestered and no longer susceptible to irradiation. 

These features may be useful in identifying potential candidate molecules. In apparent 

support of a direct cytoplasmic beta-catenin activation model, particles of exogenous Wnt-

activating proteins, Dvl2-GFP (Miller et al. 1999) and Frat1-GFP (Weaver et al. 2003) were 

shown to undergo dorsal translocation during cortical rotation, suggesting that the 

dorsalizing activity might be composed of beta-catenin stabilizing agents. These molecules 

might then directly stabilize beta-catenin, or act by sensitizing dorsal cells to Wnt signals. 

Further indications of potential Wnt ligand-independent dorsalizing mechanisms came from 

observations that overexpression of secreted Wnt antagonists were unable to suppress 

endogenous axis formation (Hoppler et al. 1996; Leyns et al. 1997; Wang et al. 1997).

More recent studies in Xenopus suggest a more typical Wnt signaling model, with maternal 

Wnt11b acting to induce beta-catenin activity. Maternal wnt11b is localized to the vegetal 

cortex during oogenesis via a mitochondrial cloud-dependent pathway (see Chap. 8) and was 

initially considered a prime candidate for the vegetal dorsally activity, based on its activity in 

UV-rescue experiments. In light of the evidence favoring the direct activation model (see 

above), and other experiments showing that Wnt11b can regulate beta-catenin-independent 

signaling, a role for wnt11b in axis formation was later discounted. However, a 

reinvestigation using antisense oligo mediated maternal mRNA depletion showed that 

maternal wnt11b is indeed required for axis formation (Tao et al. 2005).

Wnt11b is though to act in concert with uniformly expressed Wnt5a (Cha et al. 2008), 

forming extracellular complexes with each other and with other proteins, including heparin 

sulfate proteoglycans and the Nodal coreceptor Tdgf1 (Tao et al. 2005; Cha et al. 2008, 

2009). The activity of this Wnt complex can be antagonized by maternal Dkk1, suggesting a 
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model in which cortical rotation tips the balance of Wnt activity to overcome generalized 

Wnt antagonism (Cha et al. 2008). The mechanism of Wnt11b enrichment dorsally 

following cortical rotation is unclear, as both enrichment of total wnt11b RNA (Tao et al. 

2005) or enhanced polyadenylation (Schroeder et al. 1999) have been proposed. A similar 

mechanism, albeit with different Wnts and antagonists, has been proposed in zebrafish (see 

below). However, Wnt11b can also regulate beta-catenin levels in an autocrine fashion in 

fully grown oocytes (Kofron et al. 2007), providing the possibility that Wnt activation may 

wholly or partially occur before fertilization. Possible mechanisms for Wnt activation in 

Xenopus are shown Fig. 6.8 (top panels).

Although there is good evidence for secreted Wnt11b activity, it is unclear when Wnt11b is 

required. Also, this role for Wnt11b has not been reconciled with the cytoplasmic activation 

model. One potential unifying model has been proposed; that ongoing Wnt signaling in the 

oocyte generates activated Lrp6 signaling endosomes that are transported dorsally 

(Dobrowolski and De Robertis 2012). However, it is not known to what extent these Lrp6-

containing endosomes are formed in the oocyte. Lrp6 is phosphorylated in eggs but becomes 

dephosphorylated following egg activation (Davidson et al. 2009), suggesting that stable 

signaling complexes may actually be inactivated prior to cortical rotation. Furthermore, 

analyses of the relative activity of vegetal cortical cytoplasm suggests it acts at the level of 

the destruction complex and does not mimic the activity of activated receptors (Marikawa 

and Elinson 1999).

6.3.3.2 Zebrafish—The regulation of Wnt signaling in zebrafish also has intriguing 

parallels and differences to the situation in Xenopus (Fig. 6.8, bottom panels). Maternal/

zygotic mutants of wnt11 form the axis normally in zebrafish (Heisenberg et al. 2000), 

suggesting that fish use other mechanisms or other Wnts. Maternal wnt8a has been proposed 

to act as a dorsal determinant in zebrafish (Kelly et al. 1995a; Lu et al. 2011). Wnt8a is the 

only vegetally localized wnt transcript in the yolk cell, and is shifted asymmetrically 

following cortical rotation. Vegetal localization also occurs through a mitochondrial cloud 

dependent mechanism, similar to frog wnt11b (Lu et al. 2011). In the fish however, injection 

of a dominant-negative Wnt8a construct was able to reduce the expression of chrd and 

dharma, the latter being a direct Wnt target gene. Full-length Wnt8a also rescues to some 

extent embryos ventralized by nocodazole (Lu et al. 2011). Also, depletion of Sfrp1 or Frzb 

hyperdorsalizes embryos, indicating dorsal enrichment of a maternal Wnt, Wnt8a in the case 

of fish, may be a trigger to overcome generalized Wnt antagonism in the embryo. While this 

and the similar mechanism proposed to act in frog are intriguing (Cha et al. 2008), it remains 

to seen whether relatively small changes in Wnt levels involved are responsible for 

dorsalization.

Evidence in fish is also suggests that other mechanisms of Wnt antagonism are critical in 

suppressing beta-catenin activation. Notably, maternal/zygotic mutants for wnt5b are 

hyperdorsalized, owing to defective Wnt/calcium signaling and failure to repress Wnt/beta-

catenin signaling (Westfall et al. 2003). A similar but not well-characterized pathway may 

exist in frogs (Saneyoshi et al. 2002). In Xenopus, the maternal role of Wnt5b has not been 

assessed, however Wnt5a is proposed to activate instead of repress Wnt/beta-catenin 

signaling in frogs (Cha et al. 2008). Axis formation is largely normal however in wnt5a, 
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wnt5b double mutant mice (Agalliu et al. 2009; spinal cord formation), suggesting that the 

roles of Wnt5 paralogues may be species-specific. Recent data suggest that calcium 

transients downstream of the chemokine receptor Ccr7 GPCR signaling are also involved in 

suppressing beta-catenin activity (Wu et al. 2012b). The prominence of calcium regulation 

mechanisms suggests tight control over beta-catenin stabilization in the zebrafish blastula.

6.3.4 Beta-Catenin Activity Dorsalizes the Primary Germ Layers

Beta-catenin stabilization in the blastula following cortical rotation is the central mechanism 

for establishing early dorsal fates across all three primary germ layers (Fig. 6.8). In the 

vegetal prospective endodermal cells, beta-catenin is critical for the dynamic regulation of 

Nodal expression and signaling, which is directly involved in mesendoderm induction and 

patterning and likely constitutes what is referred to as the Nieuwkoop center (see Chap. 7). 

In Xenopus, the typical nodal homolog genes (e.g., nodal homologs 1, 2, 4, 5, and 6) are 

expressed in a temporally and spatially graded fashion in the late blastula/early gastrula. 

These genes depend on vegetally localized maternal vegt activity, showing high dorsovegetal 

expression at the onset of gastrulation, followed by a shift ventrolaterally by late 

gastrulation, mirrored by Smad2 activity (Agius et al. 2000; Faure et al. 2000; Lee et al. 

2001). Maternal beta-catenin directly patterns this activity first by contributing to early nodal 
paralogue expression (nodal5, nodal6) in dorsovegetal blastomeres prior to and immediately 

after the onset of zygotic transcription at the mid-blastula transition (MBT; see Chap. 9) 

(Takahashi et al. 2000; Rex et al. 2002; Xanthos et al. 2002; Hilton et al. 2003; Blythe et al. 

2010). This role of beta-catenin may be related to its function in recruiting Prmt2 to prime 

gene expression during the cleavage stages (Blythe et al. 2010). Beta-catenin also synergizes 

with Nodal activity to generate higher nodal1 expression dorsally in the early gastrula, 

although mid-late gastrula expression becomes uniform and is independent of beta-catenin 

(Agius et al. 2000; Lee et al. 2001).

In addition to overlapping with Vegt, beta-catenin might also functionally interact with Gdf1 

(alias Vg1), which is encoded by another maternally localized mRNA (Rebagliati et al. 

1985; Melton 1987; Weeks and Melton 1987). Gdf1 is a Nodal-related Tgfb family ligand 

and activates Smad2 signaling through Nodal receptors/coreceptors. Wnt/beta-catenin 

activity synergizes with gdf1 overexpression to induce axial structures in Xenopus (Cui et al. 

1996). Maternally depleted gdf1 embryos lack anterior structures and are deficient in the 

expression of certain organizer markers, including secreted antagonists nog, chrd, dkk1, and 

cer (Birsoy et al. 2006). Early Smad2 activation is also compromised, indicating that Gdf1 

contributes to overall Nodal signaling on the dorsal side of the late blastula (Birsoy et al. 

2006). Thus, beta-catenin activity can enrich Nodal expression and activity dorsally at 

multiple regulatory levels.

This temporal control of Nodal activity is functionally significant. In Nieuwkoop conjugate 

experiments, late blastula vegetal explants from ctnnb1-depleted Xenopus embryos fail 

induce dorsal fates in early equatorial or animal cap tissue (Xanthos et al. 2002; Wylie et al. 

1996). However, if ctnnb1-depleted vegetal explants from late gastrula embryos are used, 

which now express nodal genes, dorsal mesoderm is induced (Xanthos et al. 2002). 

Additionally, pre-MBT Nodal activity regulated by beta-catenin is essential for normal axis 

Houston Page 23

Adv Exp Med Biol. Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



formation, possibly for perpetuating nodal expression through autoinduction (Skirkanich et 

al. 2011). Beta-catenin also likely contributes to Nodal ongoing autoregulation, both directly 

and indirectly. Dorsal beta-catenin activity is required to repress microRNAs 15 and 16 
(miR15/16) through an unknown mechanism (Martello et al. 2007). These miRs target and 

downregulate an essential component of the Nodal receptor complex, activin A receptor, 
type IIA (acrv2a) (Martello et al. 2007), which contributes to the early dorsal bias in Nodal 

activity.

In zebrafish, maternal beta-catenin signaling similarly regulates early nodal homolog gene 

expression. Two paralogues are expressed in the early dYSL (nodal1/squint and nodal2/
cyclops); nodal1 is likely a direct beta-catenin target (Kelly et al. 2000) and nodal2 is 

autoregulated by Nodal signaling itself. Genetic and other loss-of-function experiments 

support a role for the early Nieuwkoop center nodal genes in axis formation. Single and 

double mutants for nodal1, nodal2 (squint, cyclops) exhibit axial patterning and 

mesendoderm defects (Rebagliati et al. 1998; Feldman et al. 1998; Sampath et al. 1998; 

Erter et al. 1998), and these abnormalities can be rescued by YSL-specific expression of 

Nodal ligands. Additionally, nodal1 is maternally expressed in zebrafish and its mRNA 

localized to the presumptive dorsal side at the 4-cell stage, through an uncharacterized 

mechanism involving microtubules (Gore et al. 2005). The role of this maternal transcript is 

not fully clear; it may lead to enhanced Nodal activity dorsally, although there are hints that 

the 3′UTR may help promote dorsal nuclear beta-catenin accumulation by acting as a 

noncoding RNA (Lim et al. 2012).

In addition to stimulating higher levels of Nodal activity, dorsal beta-catenin directly 

initiates a set of gene regulatory interactions that integrate with Nodal signaling in the 

prospective mesendoderm (Fig. 6.8). In Xenopus, Wnt/beta-catenin signaling directly 

activates the paired homeobox paralogues siamois1 (sia1) and siamois2 (twin/sia2) in 

dorsovegetal cells in the blastula (Lemaire et al. 1995; Brannon and Kimelman 1996; 

Brannon et al. 1997). Sia1/2 integrate with Nodal/Tgfb signaling in activating additional 

genes in the anterior endoderm and organizer, including cerberus, hhex, and goosecoid, 

whose promoters are bound by Sia1 (Ishibashi et al. 2008; Rankin et al. 2011; Sudou et al. 

2012). Maternal beta-catenin signaling is also required to repress early bmp4 expression 

dorsally in Xenopus (Baker et al. 1999), and this is also mediated through Sia1/2. These 

proteins are required to repress Bone Morphogenetic Protein (BMP) expression and activity 

dorsally, which is essential for dorsal mesoderm formation (see Sect. 6.4.1). Sia1/2 activate 

the expression of several BMP antagonists, including noggin (nog) and chordin (chrd) 

(Ishibashi et al. 2008), and also indirectly repress bmp4 expression, through an unknown 

intermediate. Nog and chrd expression are maintained by Nodal signaling, but initial 

expression depends only on maternal beta-catenin (Wessely et al. 2001). Although Sia1/2 are 

predominantly expressed in mesendodermal precursors, their expression can extend into 

some equatorial precursors that escape mesoderm induction (Kuroda et al. 2004), where they 

specify early neural fate and the prospective anterior neuroectoderm (Ishibashi et al. 2008; 

Klein and Moody 2015).

Similarly, in zebrafish maternal beta-catenin activates expression of dharma in dorsal 

marginal blastomeres and dYSL. Dharma is a paired homoebox gene some- what 
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functionally analogous to sia1, but unrelated by descent (Fekany et al. 1999; Kelly et al. 

2000). Dharma has numerous roles in dorsoventral patterning, including direct repression of 

bmp2b (Koos and Ho 1999; Leung et al. 2003a). Interestingly, both sia1 and dharma are 

expressed prior to major zygotic gene activation in frogs and fish (Yang et al. 2002; Leung et 

al. 2003b; Blythe et al. 2010) suggesting very early and direct roles for these proteins in 

dividing the embryo into prospective BMP-expressing or -absent territories. Additionally in 

fish, the accumulation of nuclear beta-catenin occurs concomitantly with a change in cell 

division patterns relative to the body axis as well as slower cell division in the presumptive 

dorsal shield region, but a causal relationship between these events has not been established 

(Keller et al. 2008).

Although the activation of Nodal and Sia1/2 appears to mediate many of the functions of 

maternal beta-catenin signaling, other less characterized pathways are likely required as 

well. One other beta-catenin target gene, nodal homolog 3.1 (nodal3.1; Smith et al. 1995), 

likely functions in controlling morphogenesis during organizer formation. Nodal 3.1 is an 

atypical member of the Nodal protein family present only in anuran amphibians (Smith et al. 

1995). This protein has BMP antagonist activity (Hansen et al. 1997) and, during 

gastrulation, is restricted to the superficial epithelial layer of the organizer (Glinka et al. 

1996), a region with discrete morphogenetic regulatory ability (Shih and Keller 1992a). 

Loss-of-function experiments suggest that Nodal3.1 regulates convergent extension, acting 

as a Fibroblast growth factor (FGF) receptor ligand (Yokota et al. 2003), although this 

mechanism is not well understood.

In summary, beta-catenin function is critical at many different regulatory levels to specify 

dorsal fate across all prospective germ layers in the early blastula in Xenopus and zebrafish. 

These general functions would include generating dorsal-inducing signals, mediating 

competence to respond to those signals, reducing the ability of dorsal cells to respond to 

ventralizing BMP signals, and regulating dorsal morphogenesis. In this context, the strong 

expression of nodals in the dorsovegetal blastomeres is likely responsible for the Nieuwkoop 

center phenomenon, although beta-catenin activity is required in prospective organizer 

mesoderm and ectoderm as well. In amniotes, however, axis formation is also governed by 

the dynamic regulation of Nodal signaling in concert with Wnt/beta-catenin activity. In these 

cases, the initial establishment of restricted Nodal signaling occurs without early maternal 

Wnt signaling and the role of a Nieuwkoop center analog in inducing the organizer is less 

clear.

6.3.5 Wnt/Beta-Catenin and Nodal Signaling During Axis Formation in Amniotes

6.3.5.1 Chick—The role of concerted Wnt and Tgfb signaling in the dynamic regulation 

of Nodal expression and activity is conserved during amniote axis formation. In contrast 

however to the case in fish and frogs, axis formation in birds and mammals is driven by 

spatially restricted Nodal activity overlapping with more generalized Wnt/beta-catenin 

signaling in the marginal zone of the epiblast (Fig. 6.9a). In the chicken, there is no evidence 

for localized Wnt expression in the egg or early cleavage stages. Wnt8a (alias, CWnt8C) is 

the predominant Wnt expressed prior to gastrulation and is enriched in the PMZ epiblast, but 

is also found in a decreasing gradient around the marginal zone from posterior-to-anterior 
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(Hume and Dodd 1993; Skromne and Stern 2001). By contrast, the Nodal-related gene Gdf1 
is specific to the PMZ at the same stage (Shah et al. 1997; Skromne and Stern 2001) and 

represents one of the earliest asymmetrically expressed genes in the chick blastoderm (and 

the first to be discovered).

Grafting of Gdf1-expressing cells induces an ectopic axis anywhere in the marginal zone 

(Shah et al. 1997; Skromne and Stern 2001). Interestingly, ectopic expression of Wnt alone 

is not a robust axis inducer in chicken (Joubin and Stern 1999). Gdf1 and Wnt8a can 

synergize in axis induction, and the axis-inducing ability of Gdf1 is blocked by co-

expression with Wnt antagonists (Skromne and Stern 2001). These Gdf1 and Wnt8a signals 

cooperate to induce Lef1, a Wnt signaling transcriptional activator, in the PMZ (Skromne 

and Stern 2001) coincident with the activation of Nodal in the adjacent area pellucida 

epiblast (Skromne and Stern 2002). Nodal itself is required for primitive streak and axis 

formation (Bertocchini and Stern 2002). Based on shared embryological and molecular 

characteristics, it has been speculated that the PMZ epiblast in chick represents the 

equivalent of the Nieuwkoop center (Bachvarova et al. 1998). However, in birds and likely in 

mammals as well (see below), the middle regions of the primitive streak also express Gdf1, 

Wnt8a, and Nodal and may be more relevant for inducing the anterior streak and Hensen’s 

node/organizer (Joubin and Stern 1999; Bertocchini and Stern 2002). The Nieuwkoop center 

in chicks may thus be considered a primitive streak-inducer, as opposed to its more 

traditional organizer-inducing amphibian role (also see Sect. 6.7). As compared to 

mammalian axis formation, which depends initially on Nodal asymmetry (see below), the 

chick may represent an intermediate condition, where Wnt signaling is widely active prior to 

gastrulation but the role of Nodal-related proteins in inducing the axis is becoming 

predominant.

The mechanisms controlling localized Gdf1 expression in the PMZ remain largely unknown. 

In contrast to the strict requirement for maternal factors in fish and amphibians, there is only 

a presumptive early influence of maternal determinants in birds, and axis formation is highly 

self-organizing (i.e., regulative). Classic embryological studies showed that partitioning of 

the blastoderm results in axis initiation in each individual fragment (Lutz 1949; Spratt and 

Haas 1960; Callebaut and Van Nueten 1995), suggesting that axis determinants are not 

uniquely restricted to one region. In recent reinvestigations of this phenomenon, Gdf1 
expression reinitiates stochastically at the “new posterior” pole of these blastoderm explants 

and regulates formation of the new primitive streak (Bertocchini et al. 2004). The Wnt8a 
gradient presumably reforms around the new site of Gdf1, suggesting that Wnt8a is likely 

downstream or independent of Gdf1. There is no evidence to suggest whether this regulation 

is direct or indirect. Data also show that the transcription factor Gata2 is expressed earlier 

than Gdf1, and in a roughly complementary anteriorly biased gradient (Bertocchini and 

Stern 2012). Both Gata2 and Gdf1 control each other’s expression indirectly through a 

global signaling gradient, likely mediated by BMP signaling downstream of Gata2. 

Additionally, recent microarray screening and functional analyses identified the Pitx2 

homeodomain protein as an essential upstream activator of Gdf1 expression in the PMZ 

(Torlopp et al. 2014). This Pitx/Gdf1/Nodal regulatory relationship is deeply conserved in 

several well-known developmental processes, including sea urchin axis patterning, 

amphibian mesendoderm induction and left-right pattering (Torlopp et al. 2014 and 
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references therein), indicating these genes form a robust module can be readily redeployed 

for novel functions. However, there are as yet no clues to any mechanisms that would 

potentially activate Pitx2 or connect this pathway to any maternal asymmetries. 

Interestingly, recent data suggest that chick embryos form a yolk syncytial layer (Nagai et al. 

2015), similar to that of teleosts. This is likely the result of independent convergent 

evolution and it will be exciting to learn to what extent this structure might function 

similarly in axis induction.

6.3.5.2 Mouse—In contrast to the case in chick, in which the graded expression of 

Wnt8a in the marginal zone still plays some role in normal axis development, several lines 

of evidence in the mouse suggest that active Wnt/beta-catenin signaling is not part of the 

early axial polarization mechanism (Fig. 6.9b). Many Wnt genes are expressed in the 

preimplantation blastocyst (Kemp et al. 2005), although studies in Wnt reporter mice 

initially suggested that Wnt signaling is not active in the blastocyst prior to implantation 

(Mohamed et al. 2004; Na et al. 2007). Recent studies with more sensitive reporter 

constructs have detected some beta-catenin-dependent activity in the ICM/epiblast of peri-

implantation blastocysts (E3.0–4.5; Granier et al. 2011; ten Berge et al. 2011). Similarly, 

transient nuclear beta-catenin has been observed by immuno-localization at the same stage 

(Chazaud and Rossant 2006). However, the extent of activity is unclear, since overexpression 

of stabilized beta-catenin does not ectopically induce Wnt target genes before gastrulation 

(Kemler et al. 2004). Thus, although there are indications of early but non-polarized beta-

catenin activity in the preimplantation mammalian embryo, the role of this signaling appears 

to be dispensable or easily compensated for, at least with regard to axis formation.

Correspondingly, mutants for the major Wnts, Wnt/beta-catenin coreceptors, as well as 

regulators of Wnt secretion and activity all undergo normal preimplantation development, 

including anteroposterior patterning in the AVE. These mutants also fail to form mesoderm 

and do not gastrulate. These Wnt/beta-catenin pathway mutants include (but are not limited 

to) Wnt3 (Liu et al. 1999b), Lrp5/6 (Kelly et al. 2004), Mesdc1 (Hsieh et al. 2003), Wntless 
(Fu et al. 2009), and Porcn (Biechele et al. 2011, 2013; Barrott et al. 2011). Since beta-

catenin mutants exhibit these same mesoderm defects but additionally fail to form the AVE, 

a Wnt ligand-independent role for beta-catenin in anteroposterior patterning has been 

proposed (Morkel et al. 2003), possibly mediated by activation of Tdgf1 expression and 

subsequent effects on Nodal activity (see Sect. 6.5.2). These results suggest possible 

similarities to the potential role of Wnt ligand independent signaling in Xenopus axis 

formation (see Sect. 6.3.3), but too little is known about either mechanism to draw 

meaningful comparisons. There are other agonist ligands of Wnt/beta-catenin signaling, 

such as Norrin and R-spondin (Cruciat and Niehrs 2013), but these also rely on Lrp5/6. 

Other potential mechanisms of regulating beta-catenin activity may exist, such as regulation 

through Hippo signaling (Varelas et al. 2010) or through Seven in abstentia homologs (Siah) 

(Topol et al. 2003), although these have not been extensively investigated in the context of 

axis formation.

Rather than relying on polarized Wnt activity, the earliest asymmetries in the mouse 

blastocyst are the expression of Nodal antagonists Cerl and Lefty1 in the primitive endoderm 

of the peri-implantation blastocyst (~E4.0; Torres-Padilla et al. 2007b). Expression of these 
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genes likely depends on FoxH1-mediated Nodal signaling (Takaoka et al. 2006; Torres-

Padilla et al. 2007b), initiating a cascade of both positive and negative feedback regulation of 

Nodal signaling in the embryo. Cerl/Lefty1 asymmetry is likely to arise stochastically at this 

early stage, as the blastocyst contains a rather small number of cells and it is unlikely that 

the few Cerl/Lefty1 expressing cells would arise precisely in the center. These cells are then 

thought to lead and propagate AVE migration toward the future anterior side, i.e., towards 

the side of initial asymmetry (Takaoka et al. 2011; Morris et al. 2012a), restricting Nodal 

activity to the prospective posterior. This aspect will be discussed further in Sect. 6.5. 

Additionally, Nodal is expressed at low levels in the ICM prior to implantation, but there is 

no evidence that Wnt/beta-catenin signaling activates this expression. Later in development, 

prior to and during gastrulation, Nodal expression is maintained by Wnt3 signals in the 

posterior epiblast and in the forming primitive streak (Brennan et al. 2001; Ben-Haim et al. 

2006), indicating that Wnt regulation of Nodal remains conserved, but is deployed 

modularly in development.

Interestingly, although Wnt may not activate early Nodal expression in the blastocyst, data 

suggest that Tcf3 repression of Nodal is a conserved feature of vertebrate development. 

Deletion of mouse Tcf3 (Merrill et al. 2004) results in the formation of secondary axes 

(Hensen’s nodes and notochord) and in upregulation of Nodal target genes (e.g., Foxa2; 

Hoodless et al. 2001; Yamamoto et al. 2001) in the pregastrula embryo. And, Nodal is 

upregulated in Tcf3 null embryonic stem (ES) cells (Cole et al. 2008). In fish and frogs, 

early-localized Wnt signals provide an initial signal to relieve repression by Tcf3 (Kim et al. 

2000; Houston et al. 2002; Dorsky et al. 2003). Mammals must have evolved different 

mechanisms to overcome this repression in the absence of pervasive early Wnt activity. 

Recent data suggest that Nodal initiation and potentiation may be controlled by a distinct 

enhancer bound by pluripotency transcription factors Oct4 and Klf4, in addition to ongoing 

Smad2-dependent signaling (Papanayotou et al. 2014). Interestingly, Tcf3 null ES cells also 

exhibit derepression of other genes, in addition to Nodal, that are co-regulated by pro-

pluripotency factors (Cole et al. 2008), suggesting that in normal ES cells, these proteins 

may help overcome Tcf3-mediated repression in the absence of strong activation of Wnt/

beta-catenin signaling.

Is there a mammalian Nieuwkoop center? In line with a lack of asymmetry in the 

mammalian egg, clonal analyses and transplant experiments performed in the pregastrula 

mouse embryo have not identified a region with the requisite Nieuwkoop properties; indeed 

transplanted epiblast cells typically change fate according to their new position (Lawson et 

al. 1991; Lawson and Pedersen 1992; Parameswaran and Tam 1995). Also, there is a high 

degree of cell mixing in the epiblast during normal development (Gardner and Cockroft 

1998), which would be inconsistent with a lineage-restricted Nieuwkoop center. However, 

there is overlap of Nodal and Wnt3 in the posterior proximal epiblast and subsequently 

throughout the primitive streak (Tam et al. 2006) and high levels of Nodal signaling are 

required for organizer formation (Vincent et al. 2003). The early proximal epiblast may have 

some hallmarks of a Nieuwkoop center, although the region of highest and most complete 

axis-inducing activity is the anterior primitive streak itself, prior to Hensen’s node formation 

(Kinder et al. 2001), similar to the case in chicken. Interestingly, these cells do not 

significantly contribute to the organizer/Hensen’s node or notochord, instead making 
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contributions to the anterior mesendoderm (Kinder et al. 2001). Thus, organizer induction in 

mammals may still require non-cell-autonomous induction by Wnt and Nodal signals, with 

the signals being generated from the nascent mesendoderm, as opposed to strictly extra-

mesodermal Nieuwkoop center-like mechanisms.

6.4 The Organizer and Dorsoventral Patterning

Axis formation and patterning are largely determined by a discrete zone of midline 

mesoderm in the prospective dorsal region of the gastrula. The collective cell signaling and 

morphogenetic properties of these cells and their descendants during normal development 

and under experimental conditions led to their designation as the “organization center” or 

“organizer” (Organisationszentrum/Organisator) (Spemann 1921; Spemann and Mangold 

1924). During experiments to test the extent of cell fate determination in the gastrula, 

Spemann and Mangold showed that the dorsal (upper) lip of the newt gastrula could retain 

its fate when transplanted to the ventral side, typically forming a normally patterned 

“secondary embryo” that matched the axial organization of the host. By grafting dorsal lips 

from albino embryos into pigmented hosts (Fig. 6.10), they assessed the contribution of 

donor cells, and strikingly demonstrated that the secondary dorsal tissues including the 

neural tube were formed from induced host cells, with donor cells forming notochord and 

somites (Spemann 1921; Spemann and Mangold 1924). The term organizer was thus coined 

by Spemann to reflect the ability of the dorsal (upper) blastopore lip to direct the 

development of the characteristic embryonic structures in vertebrates (notochord, somites, 

dorsal neural tube).

Spemann’s characterization of the organizer was highly influential and rapidly led to the 

identification of homologous regions in other vertebrates: birds (chick and duck, Hunt 1929; 

Waddington 1930), mammals (chick into rabbit, Waddington 1934; rabbit into rabbit/chick, 

Waddington 1936, 1937; mouse into frog, Blum et al. 1992; and mouse into mouse, 

Beddington 1994), lamprey (Bytinski-Salz 1937; Yamada 1938), and teleost fish (minnow, 

perch, and trout, Oppenheimer 1934a, b; Luther 1935). Similar dorsalizing and neuralizing 

activities have also been found for the prospective notochordal cells of invertebrate 

cephalochordates (Tung et al. 1962), suggesting the organizer is a basal feature of the 

chordates.

In bird and mammalian embryos, organizer activity is limited to the anterior primitive streak, 

including the discrete anterior tip (Hensen’s node, “Knoten,” Viebahn 2001; Blum et al. 

2007).2 In teleosts, the organizer corresponded to a thickened area of the blastoderm on the 

dorsal side, termed the embryonic shield. The initial characterization of the organizer 

identified several embryological properties of the organizer that are central to its functions 

and are still studied in the context of axial development. These are: the tissue-autonomous 

involution and convergent extension of the dorsal lip and the differentiation into axial 

2In this chapter, Hensen’s node is used to refer to the anterior tip of the primitive streak in all birds and mammals, and is considered 
equivalent to the dorsal lip/organizer. Often the mouse organizer is referred to as the “node” without the eponym. However, the node 
can also refer to the posterior notochord “node” involved in left-right patterning, which lacks organizer activity. This terminology can 
cause confusion since the latter structure is embryologically distinct from Hensen’s node. In human embryology, Hensen’s node is 
referred to as the primitive node/knot or Hensens’ knot (Gray 1918; Larsen et al. 2009).
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mesoderm (notochord), the induction and regionalization of the neural plate, and self-

organization/developmental plasticity (i.e., regulation) (Spemann 1938).

As intriguing as these observations were, the organizer remained largely a phenomenon until 

the application of molecular biological methods to developmental biology in the 1980s–

1990s. These were first used to characterize the neural inducing activity of the organizer. 

This aspect was the historical readout of organizer function prior to the molecular era, owing 

to ease of identifying induced neural plates and nervous system tissue in sectioned material. 

Beginning with the observations that dissociation and delayed reaggregation of amphibian 

animal cap ectoderm could cause neural differentiation (Grunz and Tacke 1989, 1990; Saint-

Jeannet et al. 1990; Godsave and Slack 1991), and the cloning of organizer-specific 

transcription factors (Cho et al. 1991; Dirksen and Jamrich 1992; Taira et al. 1992), a series 

of experiments from many labs identified antagonism of Bone Morphogenetic Protein 

(BMP) signaling activity as a key activity of the organizer in vertebrate axial development 

(Smith and Harland 1992; Sasai et al. 1994, 1995; Wilson and Hemmati-Brivanlou 1995; 

Zimmerman et al. 1996). The early history of the molecular characterization of the organizer 

and its impact on the fields of developmental biology and the evolution of development has 

been extensively reviewed over the years by many of the key participants (Harland 1994, 

2008; Elinson and Holowacz 1995; De Robertis and Sasai 1996; Harland and Gerhart 1997; 

Chang and Hemmati-Brivanlou 1998; De Robertis et al. 2000; De Robertis 2006, 2009; 

Harland and Grainger 2011).

6.4.1 The Differentiation of Axial Mesoderm and the Role of BMP Antagonism

It is clear from numerous studies that the formation of a ventral-to-dorsal BMP activity 

gradient through extracellular antagonism underlies the main functions of the organizer in 

dorsoventral axial patterning (Fig. 6.11a). BMPs are members of the Tgfb superfamily of 

secreted growth factors. These function as dimers and activate heteromeric cell surface 

serine/threonine kinase receptors, resulting in the phosphorylation of BMP-specific Smad 

transcription factors (Smad 1/5/8) (Chap. 7; reviewed in Little and Mullins 2006; Ozair et al. 

2012). BMPs are expressed in non-organizer tissue, namely the ventrolateral regions in 

amphibians and posterior primitive streak of the epiblast in chick and mouse. These 

molecules function in a dose-dependent fashion to promote ventrolateral mesendoderm and 

epidermis, and can prevent neural development of dissociated animal caps and inhibit dorsal 

mesendoderm formation in explant assays (Jones et al. 1992; Dale et al. 1992; Fainsod et al. 

1994; Suzuki et al. 1994; Graff et al. 1994; Wilson and Hemmati-Brivanlou 1995; 

Hammerschmidt et al. 1996b; Streit et al. 1998).

The first insights into the molecular biology of the organizer came from the isolation of 

conserved homeobox and forkhead transcription factors expressed in the organizer: 

goosecoid (gsc), lim homeobox 1 (lhx1), and forkhead box a4 (foxa4) (Cho et al. 1991; Taira 

et al. 1992; Dirksen and Jamrich 1992). Importantly, ectopic expression of gsc in ventral 

cells caused second axes with notochordal tissue, indicating that gsc was not merely a 

marker of, but a critical functional component of the organizer (Cho et al. 1991). Studies in 

other organisms subsequently found a deeply conserved role for these proteins in regulating 
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axial development in both protostomes and deuterostomes and even to some extent in 

diploblasts (Martindale 2005).

Although it was clear that overexpression of these proteins, notably Gsc, could induce most 

aspects of organizer function and regulate cell–cell signaling during axis formation (Niehrs 

et al. 1993), the nature of these signals was not immediately apparent. In a series of seminal 

experiments, expression cloning and differential cDNA screening in Xenopus identified 

secreted molecules encoded by noggin (nog; Smith and Harland 1992; Lamb et al. 1993), 

chordin (chrd; Sasai et al. 1994), and follistatin (fst; Hemmati-Brivanlou et al. 1994) as 

potent dorsalizing and neuralizing molecules specifically expressed in the organizer. These 

genes turned out to encode extracellular BMP antagonists that bind to secreted BMPs and 

inhibit the activation of BMP receptors (Zimmerman et al. 1996; Piccolo et al. 1996). 

Importantly, overexpression of these BMP antagonists mimicked the action of the organizer 

in nearly every respect.

Functional interference and genetic manipulations confirmed the requirements for BMP 

signaling and BMP antagonism in dorsoventral patterning. Of particular importance, genetic 

mutations in zebrafish bmp7 and bmp2b, BMP receptor acvr1 and smad5 (snailhouse, swirl, 
lost-a-fin, and somitabun mutants, respectively) result in dorsalized embryos (Kishimoto et 

al. 1997; Nguyen et al. 1998; Hild et al. 1999; Dick et al. 2000; Schmid et al. 2000; Mintzer 

et al. 2001), whereas embryos lacking chrd function (chordino; Hammerschmidt et al. 

1996a, b) are ventralized. Results using antisense oligo-based loss-of-function in Xenopus 
similarly showed dorsalization upon reduction of BMPs and ventralization following 

inhibition of Nog, Chrd, Fst (Oelgeschläger et al. 2003; Khokha et al. 2005; Reversade et al. 

2005). In the mouse and the chick, the roles of BMPs are more complex owing to their 

functions in extra embryonic tissues and in controlling cell proliferation (Hogan 1996). 

Nonetheless, Nog and Chrd are expressed in the anterior primitive streak and Hensen’s node 

(Connolly et al. 1997; Streit et al. 1998; Streit and Stern 1999; Bachiller et al. 2000), and 

Nog, Chrd double mouse mutants exhibit dorsoanterior truncations (Bachiller et al. 2000). 

Additionally, genetic deletion of Bmp4 in mouse results in ventral mesoderm defects 

(Winnier et al. 1995).

A host of other BMP antagonists as well as antagonists of other ligands were also discovered 

and a commonly accepted model emerged; namely that dorsoventral patterning across germ 

layers is mediated by a gradient of BMP activity originating ventrally and antagonized 

dorsally by organizer molecules. Additional support for this model came from 

characterization of patterns of BMP activity, finding that levels of phosphorylated active 

Smad1 were enriched ventrally and absent from the organizer (Faure et al. 2000; Schohl and 

Fagotto 2002).

BMP antagonism derived from the organizer also patterns the convergent extension 

movements of the axial mesoderm (also see Sect. 6.6). High levels of BMP inhibit 

convergent extension behavior in Xenopus (Graff et al. 1994), and in fish there is evidence 

that BMP signaling inhibits expression of convergent extension-promoting Wnt/PCP 

ligands, wnt11 and wnt5b (Myers et al. 2002). BMP signaling may also inhibit dorsal 

mesoderm involution but this has not been extensively studied (Nakayama et al. 1998). And, 
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BMPs can promote epithelial-mesenchymal transitions and ingression behavior, which 

occurs in more ventrolateral (non-organizer) mesoderm. Thus, the production of secreted 

BMP antagonists is essential and largely sufficient for the self-differentiation and 

morphogenesis of the organizer into notochord mesoderm and for the patterning of the 

surrounding germ layers.

6.4.2 The Role of the Organizer and BMP Antagonism in Neural Induction

Because of the historical link to early organizer studies and a general interest in the 

development of the central nervous system, the role of the organizer in neural induction has 

received considerable attention. Also, conceptually, neural induction is thought of differently 

from axis and mesendoderm induction. Mesoderm and endoderm are induced from 

ectoderm, whereas ectoderm develops if inducers are absent, and can thus be considered the 

“default” germ layer. Surprisingly and perhaps counter-intuitively, experiments in Xenopus 
suggested that neural, rather than epidermal, was the default state of the ectoderm 

(Hemmati-Brivanlou and Melton 1997; Chang and Hemmati-Brivanlou 1998; Stern 2006; 

Ozair et al. 2012). Inhibition of mesendoderm-inducing Tgfb signaling using dominant-

negative receptors or endogenous antagonists (Hemmati-Brivanlou and Melton 1994; Chang 

and Harland 2007) or depletion of maternal vegt mRNA (Zhang et al. 1998) results in 

neuroectoderm formation in all presumptive germ layers. Critical evidence for the neural 

default model includes experiments indicating that BMPs induce epidermis in dissociated 

cells that would otherwise become neuralized, and that Nog, Chrd and Fst act as direct 

neural inducers in ectoderm tissue by blocking BMP signaling. Interestingly, these 

antagonists elicited only anterior neural fates, which hinted at possible mechanisms of 

anteroposterior patterning by the organizer (discussion of this aspect will be deferred to the 

following section).

Whereas the central requirement for BMP antagonism is clear, the extent that BMP 

inhibition alone is sufficient for neural induction is unclear. Studies in chick and Xenopus 
have indicated that neural induction also requires Wnt antagonism (Wilson et al. 2001; Pera 

et al. 2003; Fuentealba et al. 2007) as well as ongoing FGF signaling (Linker and Stern 

2004; Delaune et al. 2005; Marchal et al. 2009). Subsequent experiments using different 

methodologies have suggested that FGF signaling is particularly involved in establishing 

“pre-neural” ectodermal fate in the chick and is not sufficient for neural induction, whereas 

in Xenopus, BMP antagonism is largely sufficient in vivo (Wills et al. 2010; Pinho et al. 

2011). Experiments in mammalian embryonic stem cells indicate that culture under low 

density or Tgfb-inhibited conditions can lead to neural development (Tropepe et al. 2001; 

Chambers et al. 2009), largely supporting the default model in mammalian cells.

The relative roles of FGF signaling and/or Wnt antagonism may reflect species level 

differences in the function of the organizer. The Xenopus organizer expresses shisa2, an 

antagonist of Fzds and FGF receptors (Yamamoto et al. 2005). Shisa homologues are not 

expressed in the organizer in chicken and mouse, although they are expressed in anterior 

regions (Furushima et al. 2007; Hedge and Mason 2008). Thus, FGF signaling may be less 

critical in Xenopus neural induction because it is normally inhibited in the presumptive 

neural region. FGF signaling may contribute to neural induction by inhibiting Smad1, 
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through MAPK-mediated linker domain phosphorylation (Pera et al. 2003), or by inducing 

the expression of various pre-neural genes (Sheng et al. 2003; Pinho et al. 2011). In chick, 

non-organizer Wnt signaling can promote BMP activity, both indirectly by inhibiting the 

ability of FGF activity to repress Bmp expression and by acting more directly to promote 

BMP activity (Wilson et al. 2001). This latter activity may occur at the level of C-terminally 

phosphorylated active Smad1. FGF/MAPK and Gsk3b activity (i.e., absence of Wnt 

signaling) can phosphorylate the linker region of active Smad1 leading to its turnover, 

whereas limiting MAPK activity of Wnt treatment can prolong active Smad1 signaling 

(Fuentealba et al. 2007).

In general, FGF may be more critical in cases where neural development occurs over a 

longer time course and many rounds of cell divisions, as in the chick and mouse. 

Additionally, FGFs may have different roles in the context of an epiblast epithelial 

architecture (i.e., pseudostratified, interdigitating columnar epithelia). A similar idea has 

come from experiments in embryonic stem cells, where FGF signaling and low Wnt activity 

are thought to promote a pluripotent stem cell state resembling the postimplantation epiblast 

(EpiSC) (reviewed in Ozair et al. 2012). Thus FGFs may not just promote a “pre-neural” 

state, but a “pre-germ layer differentiation” state, which would encompass neural fate.

6.4.3 Self-Organization and Developmental Plasticity in the Organizer

In addition to the neural inducing and mesoderm patterning functions, the developmental 

plasticity of the organizer can be largely explained by BMP regulation. Early experiments by 

Spemann showed that partial constriction of the gastrula along the midline led to double-

headed tadpoles, each with a normally formed anterior axis (Spemann 1903). Thus, half an 

organizer can restore normal bilateral symmetry locally and scale its effects accordingly. 

Similarly, rather normal embryos develop from dorsal half explants as opposed to 

hyperdorsalized embryos, which would be the expected result in the absence of self-

organization (Reversade and De Robertis 2005).

Recent experiments in Xenopus have shown that this self-organization ability relies on the 

feedback regulation of Chrd flux in the embryo (De Robertis 2009) (Fig. 6.11b). The 

stability and activity of Chrd is regulated in the extracellular space by proteolytic 

degradation, mediated by Bmp1, a member of the Tolloid family of metallopeptidases. The 

activity of Bmp1 can be inhibited by the Sizzled (Szl) protein (Lee et al. 2006), a secreted 

Frizzled related protein. Szl is expressed ventrally in Xenopus as well as zebrafish, and 

becomes restricted to an extreme ventral domain in the ventral mesoderm (Salic et al. 1997; 

Yabe et al. 2003; Collavin and Kirschner 2003; Martyn and Schulte-Merker 2003). Szl 

therefore promotes Chrd activity, creating a relatively shallow gradient of dorsalizing 

activity, which can explain the apparent paradox that szl loss-of-function embryos are 

ventralized despite its expression ventrally (Yabe et al. 2003; Collavin and Kirschner 2003; 

Martyn and Schulte-Merker 2003; Lee et al. 2006). Chrd and BMPs proteins can form long-

range gradients within Brachet’s cleft, the narrow intraembryonic space in the gastrula 

separating the ectoderm from the mesendoderm, possibly using the fibronectin-rich 

extracellular matrix to facilitate distribution (Plouhinec et al. 2013).
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Self-organization becomes possible because key dorsal and ventral genes encode proteins 

with opposing molecular activities, but are under differential transcriptional control. 

Although the organizer expresses many growth factor antagonists, this region also contains 

several BMP receptor agonists, admp (anti-dorsalizing morphogenetic protein) and bmp2 
(Moos et al. 1995; Joubin and Stern 1999; Lele et al. 2001; Inomata et al. 2008). A subset of 

BMP antagonists are expressed in a ventral domain, including bmper/crossveinless2 
(Ambrosio et al. 2008) and bambi (Onichtchouk et al. 1999). A central element of this 

regulatory network is the positive feedback control of the dorsal BMP agonists (De Robertis 

2009): The prominent ventrally expressed BMPs (bmp4/7) are positively regulated by BMP 

signaling itself, whereas admp/bmp2 agonists are inhibited by BMP activity. Similarly, the 

ventrally expressed BMP antagonists and szl are induced by BMPs, whereas chrd is 

repressed. Additionally, all BMPs are inhibited by binding to Chrd and can be released for 

action by Bmp1-mediated cleavage of Chrd.

Thus, in a dorsal half explant, loss of BMPs and Szl would lead to enhanced Chrd cleavage 

and inhibition resulting in higher admp/bmp2 expression. These ligands would then 

accumulate in the area of highest Bmp1/lowest Chrd activity, activating bmp4/7 expression. 

Increasing levels of these “new” ventral BMPs would limit the extent of chrd and admp 
expression as well as establish a new szl domain, resetting the Chrd gradient to the size of 

the new “embryo” (Reversade and De Robertis 2005). Analogous regulatory networks have 

been uncovered in zebrafish (Lele et al. 2001; Xue et al. 2014) and are likely to exist in 

chick, as orthologues of the main genes are present. Mammals appear to lack Admp and Szl 
(although Bmp2 is present), making it unclear whether similar axial self-organization occurs 

or to what extent mechanistically similar processes have evolved. As the appreciation of 

network effects in biology is growing, it will be interesting to discover whether these 

principles of embedded antagonistic proteins under complementary transcriptional control 

are general features of self-organization in development.

6.4.4 Molecular Interpretation of BMP Gradient Signaling

Accumulated data has provided insight into the mechanisms through which cells interpret 

different BMP signaling levels to achieve different dorsoventral cell fates. Typical models 

invoke a positional information mechanism, in which the graded concentration of a 

morphogen determines cell fate. However, it is becoming clear that there are spatiotemporal 

aspects to growth factor signaling gradients in general, and to BMP gradients in particular. 

Recent experiments have shown that dorsalized maternal-zygotic BMP receptor (acvr1) 

mutant fish (lost-a-fin) are rescued by inducible acvr1 expression only if expression is 

initiated prior to the midgastrula stage (Tucker et al. 2008). Similarly, inducible expression 

of chrd after the middle of gastrulation fails to dorsalize wildtype embryos. Analogous 

results were seen in Xenopus and in fish using timed application of an anti-BMPR drug 

(Wawersik et al. 2005; Kwon et al. 2010), further supporting the idea that early but not late 

exposure to BMP signals is critical for inhibiting dorsal fates and promoting ventral fates.

Temporal regulation was particularly evident in timed Chrd induction experiments. 

Dorsoanterior markers become progressively refractory to BMP inhibition, whereas more 

lateral-posterior tissues (neural crest and pronephros) became progressively more sensitive 
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(Tucker et al. 2008). These studies thus suggest that BMP signaling is active later and longer 

in ventroposterior tissues and never active in prospective organizer. Additionally, 

dorsoventral and anteroposterior patterning occurred along a similar time course, indicating 

these processes are coordinated (see also Sect. 6.5.2). Interestingly in these studies, embryos 

do not seem to sense cumulative BMP exposure, as ventroposterior fates could still be 

induced with a late burst of BMP signals (Tucker et al. 2008). As discussed above, the BMP 

gradient is self-organizing, therefore a small pulse of BMP activity could potentially 

regenerate the activity gradient to regulate different cell fates. Threshold dose and temporal 

aspects of exposure to BMP signals thus cooperate to specify axial patterning.

The nature of interpretation of the BMP gradient at the transcriptional level may also partly 

underlie this temporally progressive dorsoventral patterning. In Xenopus ectoderm cells, 

competence to respond to BMP is maintained throughout gastrulation (Simeoni and Gurdon 

2007). And transcription can be triggered rapidly and requires the continuous receptor 

activation to maintain appropriate steady-state levels of Smad1 in the nucleus (Simeoni and 

Gurdon 2007). These responses are distinct from those elicited during Activin/Tgfb-

mediated mesoderm induction (Chap. 7), which are characterized by a more limited period 

of competence, extending signaling from active endocytic complexes, delayed onset of 

transcription, and cumulative sensing of ligand levels (Dyson and Gurdon 1998; Shimizu 

and Gurdon 1999; Bourillot et al. 2002; Piepenburg et al. 2004; Jullien and Gurdon 2005). 

The molecular bases for the differences between Tgfb and BMP signaling, despite similar 

pathway architecture, is not known but may underlie the general tendency of ventral signals 

to limit dorsal ones. These differences may also help explain the temporal aspects of BMP 

responses, as discussed above, as well as the importance of Smad1 as a center of signaling 

integration.

BMP-mediated transcriptional regulation is controlled by the formation of phosphorylated 

Smad1/Smad4 complexes and subsequent nuclear translocation and association with target 

promoters. In general, Smad-responsive cis-regulatory elements are thought to mediate low 

affinity interactions and Smad-associated cofactors are therefore required for specific target 

promoter interactions. Smad1-binding transcriptional cofactors Znf423 (Oaz; Seoane et al. 

2000 and Hivep1 (Human immunodeficiency virus type I enhancer binding protein 1/

Schnurri1; Yao et al. 2006) have been characterized and facilitate binding of BMP-activated 

Smads to BMP-responsive enhancer elements. These cofactors likely recruit general 

transcriptional activators or repressors depending on the cellular or epigenetic context (Blitz 

and Cho 2009).

6.4.5 Complexity of Cross-Regulation Between BMP Signaling and the Organizer

BMP signaling activates a conserved cascade of gene regulation involving several immediate 

response genes, including the homeobox ventx genes, as well as msx1 and wnt8a (Gawantka 

et al. 1995; Schmidt et al. 1996; Ault et al. 1996; Ladher et al. 1996; Onichtchouk et al. 

1996; Suzuki et al. 1997; Hoppler and Moon 1998), and a secondary target, even-skipped 
homolog 1 (evx1/xhox3) (Ruiz i Altaba et al. 1991). Additionally, Ventx and Gsc proteins 

cross-repress each other’s expression, mediating part of the negative feedback regulation of 

BMP and organizer gene expression (Fainsod et al. 1994; Gawantka et al. 1995; 
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Onichtchouk et al. 1996; Trindade et al. 1999; Sander et al. 2007). In the mesoderm, 

Brachyury homolog (T) provides an essential input to ventx expression (and hence gsc 
repression) through its interaction with Smad1 (Messenger et al. 2005). Interestingly, double 

inhibition of Ventx and Gsc results in normal embryos (Sander et al. 2007) indicating that 

these proteins are only strictly required to regulate each other, and that redundant 

mechanisms pattern the axis in their absence. Multiple such independent and redundant 

cross-regulatory interactions between Gsc-Ventx and other protein pairs likely would 

provide robustness to dorsoventral patterning mechanisms.

Similar cross-regulatory loops exist in zebrafish (Nikaido et al. 1997; Melby et al. 2000; 

Kawahara et al. 2000; Imai et al. 2001), although the Ventx genes have undergone a unique 

evolutionary trajectory in other organisms (Scerbo et al. 2014). These genes appear to have 

been lost in rodents and are only expressed in a limited set of hematopoietic cells in humans 

(Rawat et al. 2010). The Ventxs bear ancient homology to Nanog, a gene implicated in 

pluripotency and primitive endoderm formation (Kozmik et al. 2001). Nanog may have been 

co-opted for some of the functions of Ventx in mammals, including possibly Gsc repression 

(Vallier et al. 2009), whereas Ventx may have substituted for Nanog function in fish and 

amphibians (Camp et al. 2009; Scerbo et al. 2012). This case is particularly likely in the 

anuran lineage, which appears to have secondarily lost Nanog (Scerbo et al. 2014). In spite 

of this reduced dependency on Ventx in mammals, cross-antagonism between BMP 

signaling and Gsc in patterning the axis/primitive streak has been evolutionarily maintained, 

as this relationship exists as reciprocal repression of EVX1 (activated by BMP signaling) 

and GSC (Kalisz et al. 2012) in human ES cells. Thus, although the involvement of the well-

characterized Ventx proteins is variable throughout evolution, possibly related to the timing 

and requirement for ventral mesoderm in hematopoiesis in early development (Kozmik et al. 

2001), there remains an ancient and conserved network of reciprocal repression between 

BMPs and organizer genes.

6.5 Anteroposterior Axis Patterning

In general, within the dorsal blastopore/anterior primitive streak, the sequence of 

internalizing mesoderm determines anteroposterior character, with anterior mesendoderm 

(anterior definitive endoderm and prechordal plate) being followed by the chordamesoderm 

(notochord). Signals from the organizer have long been implicated in establishing 

anteroposterior fates along the body axis. This effect was seen in Spemann and Mangold’s 

early experiments in which second axes induced by organizer transplantation often showed 

varying degrees of completeness at the anterior end (Spemann and Mangold 1924). These 

results were roughly correlated with the stage of gastrula from which the donor dorsal lip 

was taken; earlier lips induced more complete axes with well-formed heads and later lips 

induced truncated axes or second tails (Spemann 1931). These experiments were interpreted 

to suggest that the organizer comprised a spatially distinct “head organizer” that would 

induce forebrain in the early gastrula, and a “trunk organizer” that would induce hindbrain 

and spinal cord in more posterior ectoderm during later gastrulation. The remaining region, 

the midbrain, is formed largely by interactions between forebrain and hindbrain.
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Work by Nieuwkoop and others later suggested a different model. Implantation of folded 

strips of competent animal cap ectoderm at various anteroposterior levels in the prospective 

neuroectoderm generated a graded pattern of neural fates in the implant, with anterior 

neural/neural plate border tissue forming distally in the implant and more posterior neural 

forming proximally (Nieuwkoop 1952, 1999) (Fig. 6.12a). These observations were 

interpreted to suggest a neural “activation” step that initiates a tendency toward forebrain 

differentiation, followed by a “transforming” event that converts activated anterior neural 

tissue to more posterior fates (Nieuwkoop 1952, 1999). Earlier experiments had shown that 

artificial neural induction in urodele animal caps using nonspecific chemical and physical 

methods invariably generated forebrain (Holtfreter 1944). Also, explants taken from early 

prospective neuroectoderm showed progressive waves of activation followed by 

transformation, occurring from posterior to anterior and coincident with mesoderm 

internalization (Eyal-Giladi 1954). These different activities were found to depend on the 

nature of the underlying axial mesoderm, with activation predominating in the prechordal 

mesoderm and anterior notochord and transformation predominating in the posterior 

notochord (Sala 1955). Experimental data have at various times favored one model or the 

other, but accumulating molecular evidence supports a modified version of the Nieuwkoop 

model (Fig. 6.12b and c). This support is based on three major findings:

1. that BMP antagonists, Noggin, Chordin and Follistatin act as endogenous neural 

inducers, and induce exclusively anterior neural fate in competent ectoderm (see 

Sect. 6.4, Smith and Harland 1992; Hemmati-Brivanlou et al. 1994; Sasai et al. 

1994),

2. the identification of “transforming” molecules, such as FGFs, Wnts, Nodals, and 

retinoids, which posteriorize anterior tissue (reviewed in Stern 2005) but do not 

directly neuralize ectoderm per se, and,

3. the elucidation of proposed “anterior stabilizing” signals (Fraser and Stern 2004). 

These are mediated by continuing BMP antagonism (Hartley et al. 2001), Wnt 

antagonism by inhibitors such as Frzb1 and Dickkopf1 (Leyns et al. 1997; Wang 

et al. 1997; Glinka et al. 1998), multifunctional antagonism by members of the 

Cerberus/DAN family of proteins (Bouwmeester et al. 1996) and the feedback 

Nodal antagonism by Lefty1 (Thisse et al. 2000; Cheng et al. 2000). These 

molecules are expressed prior to gastrulation in the extraembryonic endoderm 

(anterior visceral endoderm (AVE)/hypoblast/foregut endoderm), and during 

gastrulation in the anterior definitive endoderm and prechordal plate, providing 

signals that initiate and stabilize anterior pattern, respectively.

6.5.1 Cellular and Tissue Basis of Anteroposterior Patterning

6.5.1.1 The Hypoblast/Anterior Visceral Endoderm in Anterior Patterning—
Comparative studies have suggested that the role of the hypoblast/AVE in anterior patterning 

is widely conserved, based on analogous gene expression patterns in the AVE and later 

anterior definitive endoderm, cell migration and anterior signaling activities (rabbit 

hypoblast, Knoetgen et al. 1999; chicken hypoblast, Foley et al. 2000; teleost YSL, Ho et al. 

1999; amphibian foregut/anterior endoderm, Bouwmeester et al. 1996; Jones et al. 1999). 

Interestingly, long before it was molecularly characterized, the hypoblast received 

Houston Page 37

Adv Exp Med Biol. Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



considerable attention as a potential regulator of anteroposterior patterning through the 

control of cell movements. Classical cell tracking experiments in the chicken showed that 

the pregastrula epiblast undergoes bilaterally symmetrical “polonaise-like” or “double 

vortex” cell movements, which head anteriorly along the midline before circling back and 

converging at the posterior, where the primitive streak will form (Wetzel 1929; Gräper 

1929). This pattern of cell movements was shown to be controlled by the hypoblast 

(Waddington 1930, 1933). In these studies, which were repeated and extended by later 

authors (e.g., Azar and Eyal-Giladi 1981; Foley et al. 2000), changing the orientation of the 

underlying hypoblast changed the orientation and placement of the forming primitive streak. 

Although this effect of the hypoblast on cell movements was clearly recognized by 

Waddington at the time (Waddington 1933), later experiments focused mainly on presumed 

signaling/inductive properties of the hypoblast in head and mesoderm induction (Azar and 

Eyal-Giladi 1981).

In mammals, the AVE has been extensively studied at the cellular and genetic level. The 

AVE forms prior to gastrulation and is characterized by cells with a distinct columnar 

morphology (rabbit, Viebahn et al. 1995; mouse, Kimura et al. 2000; Rivera-Pérez et al. 

2003) as well as specific gene expression patterns (VE-1 antigen, Rosenquist and Martin 

1995; Hesx1, Thomas and Beddington 1996; Otx2, Acampora et al. 1995; Hhex, Thomas et 

al. 1998; Lhx1, Gsc, Foxa2, Cerl, Belo et al. 1997). In mouse, these genes are expressed in 

visceral endoderm cells at the distal tip of the forming egg cylinder (Thomas et al. 1998). 

Cell labeling with DiI (Thomas et al. 1998) or with transgenic methods (Kimura et al. 2000; 

Rivera-Pérez et al. 2003; Srinivas et al. 2004), showed that these Hhex-expressing AVE cells 

unilaterally migrate towards the future anterior region of the embryo. Physical ablation of 

patches of AVE compromised development of the underlying forebrain (Thomas and 

Beddington 1996), demonstrating a requirement for the AVE in anterior patterning. Also, 

gene targeting analysis of chimeric embryos showed that a number of transcription factors 

are required in the AVE for its proper formation and migration and for anterior specification 

(Otx2, Acampora et al. 1995; Rhinn et al. 1998; Perea-Gomez et al. 2001; Foxa2, Dufort et 

al. 1998; Lhx1, Shawlot et al. 1999 and Hhex, Martinez Barbera et al. 2000 among others).

Despite this requirement for anterior development, several experiments have revealed that 

the hypoblast and related tissues largely lack head organizing properties. Einsteck 

implantation of the prospective foregut endoderm in Xenopus fails to result in ectopic head 

induction (Bouwmeester et al. 1996). Similar results were seen in chick and mouse 

regarding the function of the AVE/hypoblast, which like-wise fail to induce anterior 

structures in transplant assays (Tam and Steiner 1999; Foley et al. 2000). Additionally, 

removal of the hypoblast/AVE results in ectopic primitive streak and mesoderm formation 

and anteriorization of the embryo, demonstrating that these tissues are repressors rather than 

inducers of mesoderm (Bertocchini and Stern 2002) as well as permissive regulators of 

anterior development (Yamamoto et al. 2004). Thus a more complex picture of 

anteroposterior patterning is emerging in which the hypoblast/AVE/anterior endoderm self-

organizes its own morphogenesis and engages in reciprocal signaling with the epiblast/

prospective definitive mesendoderm to control cell fate and morphogenesis in the embryo.
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6.5.1.2 Formation and Migration of the Hypoblast/AVE—The initial formation of 

the hypoblast/AVE has been studied with considerable detail in the mouse but is little 

understood in the chicken. In the latter case, hypoblast cells delaminate from the early 

epiblast, forming isolated clusters, which merge together from posterior-to-anterior (Stern 

2004). While it has never been studied as such, it is likely that this process is analogous to 

the cell sorting of primitive endoderm from epiblast in the mouse blastocyst. In the mouse, 

the primitive endoderm in contact with the epiblast (embryonic visceral endoderm) 

differentiates into the visceral endoderm after implantation, under the control of BMP 

signaling (Yamamoto et al. 2009). Continuing BMP signals from the epiblast and 

extraembryonic ectoderm likely inhibit the formation of the AVE at the proximal end of the 

mouse egg cylinder (Rodriguez 2005; Mesnard et al. 2006). The AVE is ultimately specified 

through the activation of Nodal/Smad2 signals from the epiblast (Waldrip et al. 1998; 

Brennan et al. 2001) and the inhibition of BMP/Smad1 signals (Yamamoto et al. 2009).

In the presumptive AVE, Nodal indirectly and directly induces a number of AVE 

transcription factors as well as the expression of Nodal antagonists Lefty1 and Cerberus-like 
(Cerl) and the Wnt antagonists Dickkopf1 and Sfrp5 (Brennan et al. 2001, see below). The 

expression of Lefty1 and Cerl in the AVE inhibits the autoregulatory maintenance of Nodal 

expression in the distal epiblast (Norris et al. 2002). As AVE migration commences and is 

replaced by posterior visceral endoderm, Nodal and Nodal target gene expression are 

gradually restricted to the posterior epiblast, mediating mesoderm induction and primitive 

steak formation (Ding et al. 1998; Brennan et al. 2001; Perea-Gomez et al. 2002; Yamamoto 

et al. 2004). Thus, anterior migration of the AVE has several consequences for 

anteroposterior patterning: the maintenance of ectoderm germ layer and anterior neural in 

the anterior epiblast, and the removal of inhibitory signals for primitive streak/mesendoderm 

formation (Fig. 6.13).

Recent experiments have identified considerable complexity in the control of AVE 

specification and migration. Gain-of-function studies in mouse embryos showed that Cerl/
Lefty1 and Dkk1 can act as attractants for AVE migration, whereas Nodal and Wnts can act 

as repellants (Yamamoto et al. 2004; Kimura-Yoshida et al. 2005). Additionally, it is also 

now better appreciated that the AVE is heterogeneous, arising from an early sub-population 

of primitive endoderm in the preimplantation blastocyst, in addition to a later population 

established from naïve distal visceral endoderm (Takaoka et al. 2006). Importantly, the 

primary AVE cells (alias DVE, in some literature) originate asymmetrically in the visceral 

endoderm and are necessary to “lead” the migration of the secondary AVE in unilateral 

anterior migration (Takaoka et al. 2011; Morris et al. 2012a). This complexity of the AVE 

was first hinted at in mice mutant for the Nodal coreceptor Tdgf1, which fail to express early 

AVE markers (Ding et al. 1998). Although these do become expressed later, the AVE 

nevertheless fails to migrate. Reporter gene analyses showed that the Cerl and Lefty1-

expressing primary AVE arises asymmetrically within the primitive endoderm (E4.0–5.0; 

Takaoka et al. 2006; Torres-Padilla et al. 2007b), with live imaging of cultured embryos 

revealing a second population gaining Cerl-expression at E5.0 (Torres-Padilla et al. 2007b). 

Genetic lineage labeling of Lefty1-expressing cells confirmed that the secondary AVE arises 

from progenitors that lack early Lefty1-expression (Takaoka et al. 2011).
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The leading role of the primary AVE was suggested through microsurgical ablation of the 

primary AVE, which resulted in a wider defect in remaining VE migration (Miura and 

Mishina 2007). Importantly, inducible genetic lineage ablation of Lefty1-expressing cells 

clearly showed that the secondary AVE does not migrate anteriorly if early Lefty1-

expressing primitive endoderm is eliminated (Takaoka et al. 2011). Similar results were seen 

in live imaging of embryos cultured on a collagen-coated polyacrylamide matrix to mimic 

implantation (Morris et al. 2012a). In this case, laser ablation of leading “pioneer” cells 

expressing the highest levels of Cerl prevented the migration of the AVE. Interestingly, 

ablation of an immediate “follower” cell also inhibited migration, suggesting that a coherent 

stream of interacting cells is necessary for anterior migration (Morris et al. 2012a).

This behavior conceptually resembles “follow-the-leader” collective cell migration strategies 

evident in epithelial wound healing, lateral line and neural crest cell migration, cancer 

metastasis and other paradigms (Friedl and Gilmour 2009; Wynn et al. 2012; Cheung et al. 

2013; Dalle Nogare et al. 2014; Yamaguchi et al. 2015). However, many of the well-

characterized cases involve mesenchymal cells or epithelial-to-mesenchymal transitions, 

whereas AVE migration occurs by directional intercalation and neighbor exchange within 

the simple epithelium of the visceral endoderm (Srinivas et al. 2004). Trinkaus performed 

seminal work on coordinated migration in epithelial sheets and coupled protrusive behavior 

over 40 years ago (Vaughan and Trinkaus 1966), but the mechanisms controlling follow-the-

leader behavior are only beginning to be studied. Recent data in Xenopus suggest that cell–

cell adhesion between leaders and followers results in mechanical stimulation of cadherins 

and formation of a cadherin-keratin-plakoglobin complex, which is critical for stimulating 

protrusive behavior opposite the site of cell–cell contact (Weber et al. 2012). This 

maintenance of cellular tension as well as chemoattraction by the leading cells is likely to 

play key roles in this coordinated chain migration.

The initiation of AVE migration is similarly not well understood. Nodal-dependent cell 

proliferation in the epiblast is required (Stuckey et al. 2011), suggesting that the egg cylinder 

may need to reach a critical size, possibly to extend the AVE outside the reach of inhibitory 

signals. Thus, an initial asymmetry in the AVE, established when the embryo is small, would 

be amplified during growth and would determine the direction of subsequent migration, 

which is maintained by coordinated cell movements.

6.5.2 Molecular Regulation of Anteroposterior Patterning

6.5.2.1 Nodal and Wnt Antagonists as Regulators of Anterior Patterning—
Clues to the molecular regulation of anteroposterior patterning first came from the 

characterization of conserved Nodal and Wnt growth factor antagonists expressed in the 

amphibian organizer endoderm region and in the amniote hypoblast/AVE (see below). 

Xenopus cerberus (cer) was identified through differential screening of dorsal lip-specific 

molecules (Bouwmeester et al. 1996). Cer overexpression on the ventral side could induce 

multiple second axes consisting only of heads (Kerberos was the multi-headed guard dog of 

the underworld in Greek mythology; Hesiod and Evelyn-White 1914). This head-inducing 

activity was attributed to the ability of Cer to antagonize multiple developmental signaling 

molecules extracellularly, including BMP, Wnt and Nodal proteins (Piccolo et al. 1999), 
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although Nodal antagonism is likely paramount. The activity of Cer could largely be 

recapitulated by co-expression of the Cerberus Nodal antagonist domain (Cerberus-short, 

CerS) with Chrd. Additionally, overexpression of nodal1 (nodal homolog 1) after the mid-

blastula transition (i.e., from a plasmid vector) resulted in anterior truncations (Piccolo et al. 

1999). Additional studies with amniote Cerl suggested the anti-Wnt activity is minimal in 

mouse and chick and that Cerl represents mainly a Nodal and BMP antagonist (Marvin et al. 

2001). These and studies in zebrafish using Lefty, another Nodal antagonist, established that 

inhibition of Nodal activity is critical for proper patterning of anterior fate in the axial 

mesendoderm (Thisse et al. 2000).

In addition to anti-Nodal signals, Wnt inhibitors are expressed within the organizer and in 

the hypoblast/AVE and Wnt signaling is antagonistic to anterior development in a stage-

dependent manner. Although Wnt signaling is critical for axis induction, other experiments 

show that activating Wnt/beta-catenin signaling during gastrulation causes anterior 

truncations (Christian and Moon 1993; Kelly et al. 1995b; Hoppler et al. 1996) whereas 

inhibiting late Wnt signaling results in hyperanteriorization (Hoppler et al. 1996; Leyns et al. 

1997; Wang et al. 1997; Glinka et al. 1997, 1998). Additionally, inhibition of BMP and Wnt 

signaling together is needed to induce secondary axes with head structures, whereas 

induction with BMP antagonists alone generates only trunk structures (i.e., notochord; 

Glinka et al. 1997). Genetic studies in zebrafish tcf3 (headless, hdl) mutants show a 

reduction in anterior structures and expanded ventrolateral derivatives (Kim et al. 2000), 

whereas the opposite occurs in wnt8a mutants (Kim et al. 2000; Lekven et al. 2001). Wnt 

antagonists are also required in vivo for anterior patterning. Interference with Dkk1 function 

in fish and frogs leads to anterior truncations (Hashimoto et al. 2000; Shinya et al. 2000), 

mimicking Wnt overexpression. Similarly, genetic deletion of Dkk1 in the mouse epiblast 

led to loss of forebrain neural markers (Mukhopadhyay et al. 2001). Additionally, Dkk1 is a 

direct target of Otx2, a key anterior specifying gene, in both the anterior mesendoderm (Ip et 

al. 2014) and anterior visceral endoderm (Kimura-Yoshida et al. 2005). And, either 

overexpression of Dkk1 or additional deletion of one Ctnnb1 allele is sufficient to partially 

rescue loss of Otx2 (Kimura-Yoshida et al. 2005), suggesting that controlling Wnt levels is a 

critical role of Otx2.

6.5.2.2 Self-Regulation of Nodal and Wnt Signaling During Anterior 
Patterning—As is the case for BMP signaling/antagonism and the organizer, Nodal and 

Wnt signaling are also precisely regulated through auto-regulation and negative feedback 

loops controlled by secreted antagonists. Nodal can directly auto-regulate its own expression 

in the epiblast and visceral endoderm through a Smad2/Foxh1-dependent enhancer in the 

first intron of the Nodal locus (Osada et al. 2000; Norris et al. 2002). Also, Wnt3 is 

expressed in the proximal egg cylinder ectoderm and can regulate Nodal expression through 

a Wnt/beta-catenin-responsive proximal ectoderm enhancer (Brennan et al. 2001; Ben-Haim 

et al. 2006). Wnt3 is in turn regulated by secreted Bmp4 signals emanating from a 

population of extra-embryonic ectoderm adjacent to the epiblast. This population is 

maintained by epiblast Nodal signaling, forming the second feedback loop (Ben-Haim et al. 

2006). Nodal signals emanating primarily from the epiblast also induce the AVE at the distal 

end of the egg cylinder in a Smad2-dependent manner, regulating (both directly and 
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indirectly) the expression of Nodal antagonists Cerl and Lefty1. These in turn feedback and 

inhibit Nodal signaling in the underlying epiblast.

Wnt3 also activates its own expression in the posterior epiblast and visceral endoderm 

directly through beta-catenin-dependent Wnt signaling (Tortelote et al. 2013) and Wnt 

signals (likely including Wnt3) directly activate Dkk1 expression in a number of cell types 

(Chamorro et al. 2005). Interestingly, the autoregulation of Wnt3 is evolutionarily ancient, 

occurring in sponges and in cnidarians (Holstein 2012). Both Wnt/Dkk1 and Nodal/Lefty1 

interactions have been suggested to constitute reaction-diffusion systems in vivo, with regard 

to hair follicle spacing in the case of Wnt (Sick et al. 2006) and to left-right patterning in the 

case of Nodal (Nakamura et al. 2006). Whether or not these match the strict mathematical 

assumptions of Turing reaction-diffusion systems (the case for Wnt has been disputed, 

Meinhardt 2012), it is clear that interacting networks of self-propagating and self-limiting 

loops of Nodal, Wnt and BMP signaling underlie much of axis formation in vertebrates and 

indeed likely all animals.

In addition to reciprocal regulation of Nodal and Wnt, there is extensive interaction between 

Wnt/BMP and Nodal/BMP at the level of signaling integration during anteroposterior 

patterning. Wnt signaling can potentiate BMP signaling through several possible 

mechanisms. In the frog, BMP-activated Smad1 can be inhibited by Gsk3b phosphorylation 

of the linker region, and this in turn can be inhibited by Wnt leading to the perdurance of 

active Smad1 (Fuentealba et al. 2007). In zebrafish embryos, dorsoventral and 

anteroposterior patterning occur along a similar time course (Tucker et al. 2008). 

Correspondingly, manipulation of Wnt signaling can alter the anteroposterior character of 

Chrd-induced tissues at any time during gastrulation (Hashiguchi and Mullins 2013), 

suggesting that BMP and Wnt signaling mechanisms are active together, along with FGF 

and retinoid signaling (Hashiguchi and Mullins 2013). Additionally, in the chick epidermis 

Wnt signaling can block FGF inhibition of Bmp4 transcription during neural plate induction 

(Wilson et al. 2001), although it is unclear whether this interaction is also critical for 

anteroposterior neural plate patterning.

Nodal and BMP signaling also interact at several different levels. Nodal and certain BMPs 

can form inactive heterodimeric ligands that fail to stimulate either signaling pathway and 

exhibit mutual antagonism (Yeo and Whitman 2001). Also, in the frog organizer Nodal and 

Admp (a BMP ligand) form a self-regulating network to control anteroposterior patterning 

(Inui et al. 2012). Nodal and Admp can compete for a shared receptor, Acvr2a, to oppositely 

regulate Nodal and Wnt antagonists in the anterior endoderm. High Nodal levels activate 

high expression of Nodal antagonists, which subsequently block Nodal-Acvr2a interaction 

and permit the occupancy by Admp. This alternate pathway limits the expression of Nodal 

antagonists, allowing Nodal signaling to reengage (Inui et al. 2012). Interestingly, Admp 

depletion results in the anterior endoderm gaining head-inducing activity in Einsteck 

transplantation assays, owing to overproduction of Nodal and Wnt antagonists (Inui et al. 

2012). The high degree of interrelatedness of these signaling pathways thus can underlie 

many of the self-organizing properties of early axis formation.
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6.5.3 Regulation of Posterior Development by Wnt Signaling

6.5.3.1 Default Specification of Anterior Neural Fate—In line with the activation-

transformation model, experimental neural induction in Xenopus animal caps (ectoderm), 

either by Noggin treatment (Lamb et al. 1993) or by disaggregation (Grunz and Tacke 1989, 

1990), results exclusively in anterior neural induction. Additionally, anteroposterior 

patterning is maintained in frog embryos lacking mesoderm and endoderm, generated by 

vegt depletion or CerS overexpression (Zhang et al. 1998; Wessely et al. 2001), and in those 

lacking both organizer and ventral BMP signals (Reversade and De Robertis 2005). 

Similarly in zebrafish, embryos lacking Nodal signaling and thus mesendoderm also retain 

anterior identity in the ectoderm (Gritsman et al. 2000). In the mouse, loss of Nodal 

signaling results in anterior neural specification in the epiblast in the absence of 

mesendoderm and the AVE (Conlon et al. 1994; Brennan et al. 2001; Camus et al. 2006). 

The molecules mediating this anterior default state are not known but are hypothesized to be 

present maternally in fish and amphibians and in the early epiblast of amniotes. Because 

embryonic stem cells can also acquire anterior neural fates by default (Tropepe et al. 2001; 

Chambers et al. 2009), it is possible that core pluripotency factors or proteins activated at the 

onset of epiblast differentiation would be good candidates for anterior specifiers.

6.5.3.2 Graded Wnt Signals and Posterior Specification—Although many 

different signaling molecules have been implicated in posterior neural fate specification, 

current evidence suggests that the graded activity of Wnt signaling is the critical proximate 

determinant of early posterior identity. Wnt activity can be seen in Xenopus embryos as a 

gradient of nuclear beta-catenin in the prospective neural plate of the gastrula, with the 

highest levels posteriorly (Kiecker and Niehrs 2001). Similarly, in the mouse gastrula, 

posterior gradients of Wnt reporter construct activity have been observed (Maretto et al. 

2003; Lewis et al. 2007, 2008; Fossat et al. 2011). Experiments in neuralized Xenopus 
animal caps showed that inducible expression of activated beta-catenin during gastrulation 

directly induces posterior neural markers (McGrew et al. 1997; Domingos et al. 2001). 

Additionally, cell–cell contact and FGF signaling are required in this case, suggesting the 

involvement of a “community-effect” response, as described for muscle formation (Standley 

and Gurdon 2004). Similar requirements for Wnt and FGF signaling were seen in chicken, 

where Wnt treatment directly and dose-dependently posteriorizes competent anterior neural 

tissue explants (Nordstrom et al. 2002). Correspondingly, Wnt inhibition in posterior neural 

explants causes anteriorization. FGF signaling is also required for posterior specification, but 

likely in a permissive role, acting in a non-dose-dependent fashion. And loss of FGF 

signaling does not anteriorize posterior neural fates (Nordstrom et al. 2002). Wnt signaling 

also has subsequent roles in specifying the posterior portion of major brain subdivisions later 

in development, in particular distinguishing diencephalon versus telencephalon (Heisenberg 

et al. 2001; Houart et al. 2002). It is therefore of great interest to determine how this 

signaling system is compartmentalized and reiterated during multiple aspects of individual 

tissue and organ development.

At the transcriptional level, Wnt/beta-catenin signaling during posterior specification is 

thought to proceed through the use of Tcf/Lef proteins as coactivators. This mechanism of 

gene activation is likely different from early, axis-inducing Wnt signals, which involve 
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mainly derepression of Tcf3 (see Sect. 6.3.1). In mouse development, double homozygous 

genetic deletion of Lef1 and Tcf7(Tcf1) results in posterior defects in addition to 

abnormalities in mesoderm specification (Galceran et al. 1999). Similarly in Xenopus, Lef1 

and Tcf1 are required for the late/ventral response to Wnt (Roël et al. 2002; Liu et al. 2005), 

whereas Tcf3 is dispensable in this regard (Hamilton et al. 2001). Recall that Tcf3 is 

necessary for the repression of early Wnt target genes in vertebrates. Experiments in mouse 

and frog have suggested a “Tcf exchange” model for the changes in target gene responses to 

Wnt signaling prior to and following axis formation. Lef1 can be transcriptionally activated 

by Wnt signaling (chick, Skromne and Stern 2001; mouse, Wu et al. 2012a), suggesting that 

cells experiencing Wnt signals undergo a qualitative change in their potential underlying 

responses to subsequent Wnt exposure during development. Similarly, early Tcf3 repressor 

function is inactivated by Wnt-activated kinases and replaced by activating Tcf1 function in 

both Xenopus and in mouse embryonic stem cells (Hikasa et al. 2010; Yi et al. 2011). Thus, 

the activation of genes during posterior specification is likely to involve both beta-catenin-

dependent derepression of Tcf3, followed by replacement and activation by Lef1/Tcf1. In 

support of this idea, mouse knock-ins in which Tcf3 has been replaced by the deltaNTcf3 

construct (non-derepressible) lack Lef1 expression and show defective late Wnt responses 

(Wu et al. 2012a).

6.6 Axial Morphogenesis

The physical form of the vertebrate axis is brought about during gastrulation. During this 

process, the presumptive mesoderm and endoderm germ layers are internalized and undergo 

a set of morphogenetic events that elongate the axis in the anteroposterior direction and 

establish dorsoventral (mediolateral) organization in the mesoderm. Vertebrate embryos 

undergo gastrulation in one of two basic ways, depending on the architecture of the embryo. 

In spherical anamniote embryos, internalization occurs through the blastopore, which 

circumscribes the marginal zone, and forms the archenteron (primitive gut tube). In the flat 

blastoderm of amniote embryos, internalization generally occurs through the primitive streak 

in the posterior of the embryo, forming a trilaminar embryo with the endoderm remaining 

open to the yolk and forming a tube secondarily.

In recent years, the cellular mechanics of vertebrate gastrulation have been studied in great 

depth using live imaging approaches. Surprisingly, the underlying cell and tissue mechanics 

and their molecular regulation are extensively conserved, despite differing patterns and 

timing of gastrulation movements. Largely based on the seminal work of Trinkaus, Keller, 

Stern and others, a common set of vertebrate gastrulation movements and cell behaviors 

have been identified. These have been extensively reviewed in recent years (Keller 1986; 

Keller and Shook 2004; Stern 2004; Solnica-Krezel 2005; Tam et al. 2006; Shook and Keller 

2008; Solnica-Krezel and Sepich 2012) and fall into three main categories, internalization, 

convergent extension and epiboly. Together, these processes form a “mosaic of regional 

processes” (Keller 1986) that are exquisitely integrated to accomplish the feat of 

gastrulation.

Mesendoderm internalization typically initiates by invagination (in-pocketing) in a tissue 

layer (the epiblast), followed either by involution as an in-rolling sheet of cells over a lip 
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(Einrollung; Vogt 1929), or by ingression of individual cells. Invagination and ingression 

proceed by apical constriction of epiblast cells, and in the case of ingression, epithelial-to-

mesenchymal transition and subsequent cell migration. Convergent extension is a thinning 

and narrowing of a tissue and occurs by mediolateral intercalation of closely packed cells or 

by migration of cells toward a midline. Cells in the mesendoderm undergoing convergent 

extension typically elongate along the mediolateral axis and exhibit bipolar protrusive 

behavior using lateral lamellopodia. The traction generated by this bipolar activity is thought 

to facilitate cell intercalation. Epiboly is a thinning and spreading/extension of a tissue and 

involves radial intercalation to form a thinner cell layer, as well as cell shape changes. In 

spherical embryos, epiboly is essential for the ectoderm to spread and cover the yolk mass 

during gastrulation. Uniquely in teleost embryos, epiboly encompasses all germ layers and 

the entire embryonic blastoderm covers the yolk cell.

6.6.1 Amphibian Gastrulation

Gastrulation in amphibians initiates at a latitudinal slit at the boundary of equatorial and 

vegetal regions, forming the dorsal lip of the incipient blastopore. Cell internalization begins 

with apical constriction of the so-called “bottle cells,” creating the initial invagination at the 

blastopore (Keller and Shook 2004). Extension of this cavity during gastrulation creates the 

archenteron. Internal vegetal rotation cell movements in the presumptive endoderm pull the 

marginal zone vegetally and initiate internalization by involution at the dorsal lip. 

Internalization spreads laterally from the dorsal lip eventually forming a circular blastopore, 

with axial mesendoderm entering at the early dorsal lip and more paraxial and lateral 

mesendoderm internalizing from the lateral and ventral blastopore (Keller and Shook 2004).

On the dorsal side, the anterior leading edge of the mesoderm (prechordal/head 

mesendoderm) migrates as a cellular stream along the blastocoel roof (Winklbauer and 

Nagel 1991; Winklbauer et al. 1992). This migration requires fibronectin fibrils deposited by 

the blastocoel roof cells (Boucaut et al. 1985; Winklbauer and Nagel 1991; Nagel and 

Winklbauer 1999). Internalizing mesendoderm cells maintain what is termed “tissue 

separation” with the ectoderm, and cannot intercalate back into the ectoderm (Wacker et al. 

2000). This segregation is evident by the presence of Brachet’s Cleft between the 

mesendoderm and ectoderm/neuroectoderm (Nieuwkoop and Florschütz 1950). An 

analogous cleft separating these tissue layers is found throughout the vertebrates.

In Xenopus and other anurans, the majority of the mesoderm arises from deep rather than 

superficial cells (Nieuwkoop and Florschütz 1950; Keller 1975). Involution of the 

mesendoderm is thus internal in these species and provides the main mechanical forces 

driving gastrulation. The mesendoderm and deep neural ectoderm undergo radial 

intercalation just prior to involution, occurring first in more anterior cells and later in 

posterior ones (Keller et al. 1985). Additionally, tissue extension is biased in the anterior–

posterior direction, likely because some initial mediolateral intercalation occurs. After 

involution, cells become elongated perpendicular to the axis of extension and exhibit bipolar 

protrusive behavior and undergo mediolateral intercalation (Keller and Tibbetts 1989; Shih 

and Keller 1992b). This behavior drives convergent extension of the marginal zone and is the 

major biomechanical force behind internalization and elongation of the axis. Mediolateral 

Houston Page 45

Adv Exp Med Biol. Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intercalation behavior begins in more anterior tissue as it involutes and spreads to more 

posterior axial tissue as well as lateral mesoderm as the blastopore closes.

Closure of the blastopore at the ventral marginal zone is accomplished by convergent 

thickening, a little understood behavior in which prospective posterior somitic mesoderm 

converges into a pile of cells that do not extend, although they do so later in neurulation 

(Keller and Danilchik 1988). In general, the process of convergence can lead either to 

extension or thickening, or both, with the degree of each outcome depending on the 

constraints applied by the surrounding tissue. In either case, the progressive expansion of 

mediolateral intercalation behavior around the blastopore and the linking of forces around 

the marginal zone is thought to create “hoop stress” that pulls the blastopore lip over the 

yolk plug and internalizes the endoderm (Keller et al. 2000; Keller and Shook 2004).

Urodele and anuran amphibians undergo significant differences in development that have 

been long noted but perhaps not well appreciated. The process of gastrulation in salamanders 

and newts is outwardly similar to the situation described in Xenopus, but has several 

important distinctions. Mesoderm is derived from the surface layer in urodeles (Vogt 1929). 

Axial mesoderm undergoes similar involution at the dorsal lip in urodeles, but 

internalization in the ventral and lateral regions occurs mostly by ingression of individual 

cells (Shook et al. 2002). This pattern of ingression has been referred to as a “bilateral 

primitive streak.” In urodeles, lateral and ventral convergent forces are generated by the 

ingressing cells in these regions, as these cells undergo apical constriction and bring 

additional cells into the ingression zone (Keller and Shook 2004).

Interestingly, the urodele pattern of dorsal lip involution and lateral ingression is conserved 

in more primitive organisms including cyclostomes and lungfish (Shook and Keller 2008). It 

is likely that both the anuran and teleost mechanisms of primary internalization by 

involution evolved independently within those lineages. These changes in gastrulation may 

be correlated with the cellular organization of the ectodermal moiety, occurring as a 

multilayered ectodermal “deep layer” of non-polarized cells, covered by a superficial 

polarized epithelial layer in the anurans and teleosts, as opposed to the typical “epiblast” of 

pseudostratified interdigitating epithelial cells (Shook and Keller 2008).

6.6.2 Teleost Gastrulation

Similar morphogenetic events occur in the zebrafish/teleost gastrula, albeit in the context of 

a different embryonic architecture. One of the main features of fish gastrulation is prominent 

epiboly, in which all three germ layers (as opposed to just ectoderm) undergo extensive 

radial intercalation as the blastoderm expands to cover the yolk cell. Epiboly in teleost fish is 

somewhat unusual, and involves interconnections between the yolk cell and the superficial 

epithelial layer of the blastoderm. Epiboly begins just prior to gastrulation with YSL nuclei 

migrating vegetally in advance of the blastoderm margin. Cytoskeletal perturbations and in 

vivo observations suggest that the YSL “tows” the blastoderm margin vegetally (Betchaku 

and Trinkaus 1978; Solnica-Krezel and Driever 1994).

Internalization initiates by an involution-like “synchronized ingression” around the 

blastoderm margin, forming a bilayered structure, the germ ring (Adams and Kimmel 2004). 
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Typical ingression is not thought to occur, as teleost gastrulation lacks a classical epithelial-

to-mesenchymal transition (EMT) and cell migration characteristic of typical ingression 

movements (Shook and Keller 2008). Internalizing cells migrate beneath the outer layer 

toward the animal pole, forming an inner hypoblast (this is mesendoderm, and not 

homologous to the amniote hypoblast) and outer epiblast (ectoderm). Both layers are 

covered by a flattened superficial epithelium, the enveloping layer (EVL), which remains 

extraembryonic and may provide structural support for morphogenetic movements (Kimmel 

et al. 1990). On the dorsal side of the margin, involuting and single “delaminating” cells 

form a thicker layer, constituting the embryonic shield (Montero 2005). Also dorsally, a 

teleost-specific population of epiblast cells, the dorsal forerunner cells (DFCs) detach and 

migrate vegetally ahead of the dorsal lip, in association with the margin of the EVL (Cooper 

and D’Amico 1996). Their function at this stage is unknown, but later these cells will form 

the Kuppfer’s vesicle, which functions in left-right asymmetry. Also, similar to the process 

in anurans, convergent extension elongates the axial mesendoderm as a result of bipolar 

protrusive behavior and well as dorsally directed migration of more lateral cells (Solnica-

Krezel 2005). Teleost thus appear to have independently evolved an amphibian-style method 

of gastrulation as a solution to concentrated yolk and discoidal cleavage in the egg.

6.6.3 Amniote Gastrulation

In the mammals and birds, gastrulation initiates at the primitive streak, a groove formed by 

internalizing cells along the posterior axial midline. Anterior–posterior patterning, and thus 

the positioning of the primitive streak towards the posterior, is controlled by the anterior 

migration of the hypoblast/AVE (Sect. 6.5.1). Mesoderm precursors are initially found 

throughout the posterior epiblast but migrate toward the posterior end prior to primitive 

streak formation. In the chick, this occurs through the double-vortex polonaise-like cell 

movements (see Sect. 6.5.1) and similar mechanisms have typically been thought to occur in 

mammals. However, mouse embryos appear to lack these large-scale cell movements in the 

epiblast (Williams et al. 2011), possibly owing to a smaller number of cells at the equivalent 

stage or to constraints of the cup-shaped architecture. Alternatively, the cell movements 

positioning the streak may occur in the visceral endoderm layer in mouse (Weber et al. 

1999). Polonaise-like movements appear to occur in rabbit embryos, which have a flat 

morphology similar to chick embryos (Halacheva et al. 2011). Interestingly though, in this 

case, a more localized extreme intercalation cell movement event (“processional cell 

movements”), predominates (Halacheva et al. 2011). These observations indicate that overall 

primitive streak positioning in amniotes can result from many different patterns of cell 

movements depending on the species.

Internalization through the primitive streak involves massive epithelial-to-mesenchymal 

transition (EMT) and ingression of individual cells to form definitive mesoderm and 

endoderm (Stern 2004). Early ingressing mesoderm contributes mainly to pharyngeal and 

cardiac mesoderm anteriorly, as well as extraembryonic mesoderm posteriorly. Definitive 

endoderm ingresses by mid-streak stages and intercalates into and displaces the hypoblast/

visceral endoderm. The primitive streak elongates and progresses anteriorly (distally in the 

mouse egg cylinder) until mid-gastrulation (late streak stage), approximately to the level of 

the future hindbrain, and begins to form the anatomically distinct Hensen’s node at the 
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anterior tip. Internalization at Hensen’s node in many birds and mammals, including 

humans, resembles that of the amphibian dorsal lip, with invaginating bottle cells and 

involution of notochord and somitic mesoderm (Shook and Keller 2008). Chick and mouse 

embryos however appear to have separately evolved ingression as the main mode of 

internalization, although dorsal lip involution may be evolutionarily ancestral.

Reptiles (non-avians) represent a useful but little-studied intermediate case. These embryos 

typically form a dorsal lip perpendicular to the axial midline in the posterior of the 

blastoderm, through which chordamesoderm involutes. Lateral and ventral cells ingress 

through a reptilian blastoporal plate, which resembles both the urodele blastopore and 

amniote primitive streak (Bertocchini et al. 2013).

After its formation, the Hensen’s node begins to regress posteriorly and the primitive streak 

closes in an anterior-to-posterior progression. Notochord and somites form in the mesoderm 

behind the regressing node. At this point Hensen’s node and surrounding cells likely 

comprise a pluripotent stem cell population that persists throughout regression and into 

tailbud formation (Wilson et al. 2009). It is often not discussed as such, but amniote 

primitive streak regression is likely an analogous process to blastopore closure, with 

mediolateral intercalation behavior driving convergent extension in the axial midline tissues 

and convergent behavior following ingression at the primitive streak. For the mouse, 

mediolateral intercalation of mesoderm has been established as a mechanism of axial 

elongation, and convergent-extension behavior has been demonstrated to initiate in pre-

somitic mesoderm cells immediately after they exit the primitive streak (Yen et al. 2009).

In all vertebrates, the embryo lengthens and narrows along the AP axis at the culmination of 

gastrulation. The neural plate is visible in the dorsal ectoderm and the closed blastopore 

represents the posterior pole of the embryo. Patterning of the AP and DV axes is essentially 

accomplished during gastrulation. Although the left-right axis is thus specified topologically, 

the cellular and molecular mechanisms that regulate left-right asymmetry of the internal 

organs do not come into play until after gastrulation. These are primarily mediated by a 

distinct ciliated structure that forms during late gastrulation at the posterior end of the 

notochord along the gastrocoel roof plate, a part of the archenteron lining (Blum et al. 2014). 

This structure is derived from surface mesoderm in the late involuting dorsal lip and is 

homologous in many respects across vertebrates. Monocilia in the posterior notochord 

region are thought to create a leftward fluid flow, generating asymmetry in Nodal signaling 

in the left lateral plate mesoderm, leading to morphological left-right asymmetry and the 

generation of internal bilateral asymmetry in organs such as the heart, gut and lungs (also, 

see Blum et al. (2014) for review of caveats in chick and pig, which lack nodal cilia (Gros et 

al. 2009)).

6.6.4 Molecular Regulation of Axial Morphogenesis

The control of convergent extension has been extensively studied at the molecular level in 

Xenopus and zebrafish embryos. A host of cellular and genetic experiments have implicated 

components of the Wnt/PCP pathway as critical regulators of cell shape, cell polarity and 

activity during convergent extension. In Xenopus, overexpression of certain beta-catenin-

independent Wnts and dominant-negative Dishevelled 2 (Xdd1; Sokol 1996) were sufficient 
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to block axis elongation without blocking mesoderm formation. Additionally, mutation or 

inhibition of wnt11 function in fish and frogs indicated that Wnt/PCP signaling was indeed 

required for convergent extension behavior in vivo (Tada and Smith 2000; Heisenberg et al. 

2000). Importantly, Wallingford et al. (2000) showed in detailed live imaging of explants 

that Dvl activity was needed for bipolar cell shape changes and for stabilizing mediolaterally 

oriented bilateral protrusive activity of lamellopodia in converging and extending 

mesodermal cells. And similar regions of the protein were required for controlling CE in 

Xenopus as for Drosophila PCP, namely the C-terminal DEP domain (Wallingford et al. 

2000). Analogous results were found for zebrafish wnt11 and wnt5a mutants, which showed 

unstable monopolar protrusive activity in dorsally migrating cells (Kilian et al. 2003; Ulrich 

et al. 2003). Other PCP proteins have also been shown to control cell intercalation by 

regulating mediolateral lamellopodia in fish and frogs, including Frizzleds, Vangl2, and 

Prickle (Djiane et al. 2000; Darken et al. 2002; Goto and Keller 2002; Jessen et al. 2002; 

Wallingford et al. 2002; Veeman et al. 2003b; Takeuchi et al. 2003), as well an extra-cellular 

modulator of Wnt, Glypican 4 (knypek, Topczewski et al. 2001).

More recent data from amniotes has shown that the regulation of cell shape and the 

formation of mediolateral lamellopodia are conserved in mouse (Ybot-Gonzalez et al. 2007; 

Yen et al. 2009; Williams et al. 2014) and chicken (Voiculescu et al. 2007). Additionally, 

mutations in core Wnt/PCP proteins in mice and humans display axis elongation and neural 

tube defects, both of which depend on convergent extension (Vangl1/2, Kibar et al. 2001; 

Murdoch et al. 2001; Montcouquiol et al. 2003; Kibar et al. 2007; Torban et al. 2008; Celsr1, 

Curtin et al. 2003; and Dvl1/2, Wang et al. 2006). Also, noncore vertebrate Wnt/PCP 

regulators Ptk7 and Scrib are also required for axis elongation and convergent extension, 

with Ptk7 likely directly controlling bipolar protrusive activity (Montcouquiol et al. 2003; 

Lu et al. 2004; Yen et al. 2009). The exact role of Ptk7 is unclear, although genetic 

experiments in zebrafish have suggested a role in antagonizing Wnt/beta-catenin signaling to 

allow Wnt/PCP signaling (Hayes et al. 2013). However, beta-catenin-activating roles have 

also been described suggesting temporal or context-dependent roles.

In addition to controlling cell intercalation during convergent extension, Wnt/PCP signaling 

is also implicated in cell intercalation prior to primitive streak formation. In the chicken, 

local cell intercalation in the presumptive primitive streak region prior to gastrulation is 

though to result from, and may facilitate the polonaise movements in the epiblast. A number 

of Wnt/PCP components are expressed in the midline prior to primitive streak formation and 

inhibition by electroporation of anti-PCP morpholino oligos can inhibit streak 

morphogenesis (Voiculescu et al. 2007). Additionally, and consistent with the role of the 

hypoblast in controlling polonaise movements, rotation of the hypoblast can alter Wnt/PCP 

gene expression, possibly through Fgf8 signaling (Voiculescu et al. 2007). Interestingly, it is 

likely that ingression itself can function locally to organize polonaise-like movements and 

pull additional cells into the streak, thus driving ingression in a feed-forward manner 

(Voiculescu et al. 2014).

The situation is less clear in mammals, as Wnt/PCP components have not been widely 

implicated in primitive streak formation in the mouse. However, ingression at the primitive 

streak in the mouse does require the down-regulation of Vangl2 protein, mediated by Dact1 
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(Dishevelled-binding antagonist of beta-catenin 1; Suriben et al. 2009). Thus, whereas mice 

may exhibit a reduced role for cell movement-driven mediolateral intercalation during 

primitive streak formation (see above), a role for Wnt/PCP components may have been 

retained at the level of EMT in the forming primitive streak.

Wnt/PCP signaling exerts its effects on intercalating cells by coordinately regulating bipolar 

cell shape and polarization of actin dynamics to generate tensile forces along the cell’s 

mediolateral axis. The mechanisms that orient this bilateral protrusive activity perpendicular 

to the elongating anteroposterior axis are not well understood. Experiments using 

dissociated Xenopus animal cap cells treated with graded Activin doses or the recombination 

of anterior versus posterior notochord explants showed that apposition of tissue from 

different axial levels was necessary for convergent extension along a perpendicular axis, 

whereas recombination of equivalent levels produced no elongation (Ninomiya et al. 2004). 

It is possible that cells could respond to this gradient of Tgfb signaling through changes in 

cadherin-and protocadherin-mediated cell adhesion during intercalation (Brieher and 

Gumbiner 1994; Kraft et al. 2012). Similar results have been obtained by opposing gradients 

of Nodal and BMP activity in zebrafish blastoderm explants (Xu et al. 2014), suggesting an 

important role for integration of the these pathways in controlling elongation. Temporal 

changes in Nodal signaling are also correlated with the onset of mediolateral intercalation 

behavior, further suggesting that the local activity of Wnt/PCP may be cued by differences in 

Tgfb activity.

Tgfb signaling, most likely through Nodal and Nodal-related proteins, is also involved in 

inducing ingression behavior and bottle cell formation by activating EMT. This can be 

shown in Xenopus by overexpression of Nodal in animal caps, which results in ectopic 

bottle cell formation (Lustig et al. 1996; Agius et al. 2000; Kurth and Hausen 2000). Also, 

loss of Nodal signaling dramatically reduces EMT-like cell ingression in zebrafish embryos 

(Keller et al. 2008). Movement of the hypoblast in amniotes, which expresses Nodal 

antagonists, is also highly correlated with primitive streak formation in the epiblast formed 

by those cells left behind. This Nodal-controlled ingression may also be self-regulating, as 

ingression may facilitate recruitment of additional cells to the streak (see above), which 

would expose more cells to Nodal signals, further triggering more EMT and ingression 

(Voiculescu et al. 2014).

Signaling by FGFs also plays a key role in regulating convergent extension and mediolateral 

intercalation. FGF signaling can regulate brachyury (t) expression, which in turn can activate 

wnt11 (Tada and Smith 2000). In addition to its role in morphogenesis, FGF signaling also 

has a well-known role in mesoderm formation (Chap. 7). Experiments with cytoplasmic 

antagonists of FGF signaling, Sprouty/Spry and Spred, indicate that maternal Sprys 

antagonize convergent extension behavior by blocking PKC and calcium outputs of FGF 

signaling (Sivak et al. 2005). Later during gastrulation, zygotic Spred proteins accumulate 

and antagonize Mapk signaling, allowing the morphogenetic signals to predominate after 

medoderm specification has occurred (Sivak et al. 2005). Additionally, FGF regulation of 

convergent extension is controlled by the Nodal related 3.1 protein through an atypical and 

little characterized mechanism (Yokota et al. 2003).
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6.7 Concluding Remarks

The overall conservation of axial patterning mechanisms in vertebrates has long been 

recognized. However, detailed investigations at the cellular, molecular and genetic levels are 

only now revealing the true extent of this conservation and are also uncovering important 

differences. The broadest pattern of axis specification involves the generation of animal–

vegetal polarity in the oocyte followed by the dorsal localization of determinants in the egg. 

This ab ovo specification mechanism operates throughout the primitive vertebrates, reptiles 

and possibly the egg-laying mammals. Based on various cell biological, genetic, and 

morphological observations, the basic pattern of axis generation is the involution of 

notochordal precursors at the early dorsal lip/organizer and the later ingression of 

ventrolateral precursors around the lateral blastopore, or “bilateral primitive streaks.”

This pattern exists throughout the anamniotes (icthyopsids) and the reptiles and is initially 

established by cortical rotation in the egg, leading to Wnt/beta-catenin asymmetry, elevated 

dorsal Nodal signaling and organizer induction and dorsal mesoderm involution (Fig. 6.14). 

Interestingly, much of this sequence of events is likely specific to the vertebrates. In basal 

invertebrate chordates, such as Branchiostoma, cortical rotation and early dorsal enrichment 

of beta-catenin do not occur and gastrulation occurs symmetrically via cell ingression, with 

minimal involution (Zhang et al. 1997; Holland and Onai 2012). Early Nodal asymmetry is 

present and likely leads to the induction of organizer/BMP antagonist gene expression on the 

dorsal side of the blastopore (Yu et al. 2007; Holland and Onai 2012). Thus, a key series of 

events in early vertebrate evolution was likely the appearance of cortical rotation, leading to 

the restriction of gastrulation initiation dorsally, coupled with a transition to cell involution 

behavior in the organizer.

In contrast to this early asymmetry mechanism, therian mammals undergo apparent ab 
embryo axis specification, with the early phase of Wnt asymmetry being lost and evolving 

into new mechanisms of symmetry breaking in the blastocyst, based on cell position and 

migration in the visceral endoderm. In both ab ovo and ab embryo cases, the egg and the 

blastocyst exhibit marked metastability, rendering development with radial symmetry 

improbable under normal conditions. The evolutionary transitions between these 

mechanisms are not well understood. Increases in yolk and egg size and the shift to 

meroblastic cleavage have been suggested to drive the evolution towards primitive streak-

based gastrulation (Arendt and Nübler-Jung 1999), although these cannot be the sole factors 

involved. Reptiles have large eggs and undergo meroblastic cleavage but still form the 

organizer first and develop a horizontal slit blastopore/blastoporal plate, maintaining the 

ancestral dorsal involution/lateral ingression pattern. Additionally, teleosts also evolved 

meroblastic cleavage but this change resulted in additional adaptations to keep a blastoporal 

gastrulation pattern, rather than evolving primitive streak-like movements. Furthermore, the 

“primitive steak” evolved independently in birds and in mammals, possibly multiple times, 

which could explain the differences in cellular mechanisms underlying formation of the 

primitive streak, as well as observations such as the presence of left-right asymmetries 

around Hensen’s node and lack of nodal cilia in both chick and pig (Gros et al. 2009; Blum 

et al. 2014).
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This convergent evolution toward the primitive streak could be correlated with changes in 

the development of the hypoblast/anterior endoderm. In amphibians and reptiles, these cells 

arise during cleavage from yolky vegetal cells, whereas in birds and mammals the hypoblast 

develops from cells delaminating or sorting out from the epiblast. Formation of the 

hypoblast in this manner could be a prerequisite for the emergent behavior of coordinated 

polonaise-like cell movements in the epiblast, which themselves are likely sufficient to 

position and initiate the primitive streak (Voiculescu et al. 2007). Additionally, owing to the 

more prominent role of hypoblast migration in birds and mammals, cell internalization 

initiates with the primitive streak, not with the organizer. Full organizer formation, in terms 

of gene expression and inducing activity, does not occur until mid-gastrulation. Thus, there 

is significant heterochrony in the main pattern of axis formation in birds and mammals, with 

the appearance of the organizer and cell involution lagging behind that of ventrolateral cell 

ingression (Fig. 6.14). It is possible that the lessened importance of cortical rotation-like 

mechanisms led to subtle reorganization of the organizer gene regulatory networks, causing 

organizer genes such as Noggin to be expressed later relative to other dorsal genes.

Mammals exhibit the greatest changes in axis-forming mechanisms within the vertebrates. 

There is also wide variation in these mechanisms within the mammals themselves. 

Mammalian eggs have evolved to lose size and yolk content, as well as any notable animal–

vegetal asymmetry and cortical rotation-related events in the process. The evolution of 

implantation also necessitated the early segregation of embryonic and extra-embryonic 

lineages and the maintenance of embryonic pluripotency. Furthermore, gastrulation in 

mammals initiates with far fewer cells than in other groups of organisms, ~250 cells in the 

mouse (compared with >10,000 in the frog and chicken), and is accompanied by rapid cell 

division. This rapid cell cycle of 2–6 h (Snow 1977) coincides with germ layer and axis 

patterning in the mammalian embryo, and has sparked evolutionary comparisons to the 

cleavage stage cell cycle in more primitive animals (O’Farrell et al. 2004). Whether this 

rapid division is indeed a conserved but temporally deferred event, as has been proposed, is 

unclear. Alternatively, there may exist a general correlation between pluripotency and 

shorter G1/G2 phases, with limited cell cycle checkpoints, as is seen in cultured stem cells 

(Becker et al. 2006).

What are some future prospects for the study of axis formation? After many decades of 

research, the ideas of symmetry breaking and self-organization in development remain 

compelling yet incompletely understood. Indeed, the ideas of self-organization and 

biological “regulation” predate the discovery of the organizer and have been developed into 

the concepts of the self-regulating embryonic “field” and pattern formation by positional 

information (Child 1915; Weiss 1926; Nieuwkoop 1967; Wolpert 1969, 1971; Green and 

Sharpe 2015). The ability of the organizer to undergo self-organization was noted by 

Spemann and others and clearly implies a complex network of interactions. Recent work 

showing inverse transcriptional regulation within the BMP regulatory circuitry has shed 

some light onto these processes. This observation is only the first step toward understanding 

self-organization at the gene regulatory network level, and additional general principles are 

likely to be identified. Although the conserved transcriptional control of genes like 

Goosecoid has long been noted, these mechanisms have not necessarily been fully 

characterized or compared. Remarkably, large and robust organizer gene regulatory 
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networks have not yet been elucidated for any vertebrate organism. It should eventually be 

possible to generate comparative organizer gene regulatory networks across vertebrates and 

quantitatively compare their properties. Such analyses might shed light on possible changes 

in relative onset of organizer activity and also provide insight into the control of cell 

behaviors during gastrulation, as there have been several evolutionary transitions between 

involution and ingression in similar tissues.

Additionally, with regard to the complex interactions underlying symmetry breaking events 

in early vertebrate development, the molecular basis of microtubule organization during 

cortical rotation, the prime example of a symmetry-breaking process, remains largely 

unknown. The cell movements underlying asymmetry in the mammalian blastocyst are 

similarly mysterious. Both of these areas would likely benefit from advances in live imaging 

technology that are rendering the molecular activities of cells and tissues more visible and 

quantifiable. In particular, new methods for culturing and imaging different vertebrate 

embryos (e.g., Bedzhov and Zernicka-Goetz 2014; Keller et al. 2008) will likely provide 

novel insights into morphogenesis.

There have recently been rapid advances in whole genome analysis and genome editing 

technology that will likely transform the study of developmental biology and biology in 

general. Large-scale gene expression, chromatin analysis and proteomics are becoming 

commonplace and should yield abundant material for data science analysis. It is probably 

not a stretch to imagine that real-time whole transcriptome analyses will also become 

technologically feasible in living cells in the near future. TALEN and Cas9/CRISPR-

mediated genome editing are also on the verge of becoming routine, extending mutational 

analysis to many areas previously intractable. Thus, in the foreseeable future, a variety of “-

omics” data should be readily available for any organism, and investigators will have the 

capability to interrogate the function of any genomic region and immediately read out 

responses in gene expression and cell behavior.

The lack of detailed genomic and genetic information and methodologies has often been a 

barrier to work in many nontraditional model organisms. However, newer technologies 

should soon allow the genetic analysis of axis formation and other processes in organisms 

rationally chosen based on phylogenetic position or other criteria based on the biological 

question. Indeed multiple related species could be analyzed in parallel to capture extant 

variation in developmental mechanisms. Such ideas are not new (Tzika and Milinkovitch 

2008) but are much closer to realization. Some interesting candidates for developmental 

analysis could include tree shrews, owing to their similarity to primates, and echidnas, as an 

egg-laying mammal model (Tzika and Milinkovitch 2008). The increased availability of 

human embryonic stem cells is also leading to a better understanding of human 

development. Gene regulatory networks can be analyzed in embryonic stem cells and 

induced-pluripotent stem cells and tissue “organoids” are increasingly being used to 

understand human organ development (e.g., McCracken et al. 2014). Certain ethical 

considerations would have to navigated however to study human axis formation in this way. 

Comparative studies of early development across all vertebrates could be facilitated by 

reviving the idea of a “standardized vertebrate normal table” (Witschi 1956; Hopwood 

2007). Such a standard series could be based on conserved gene expression data, gene 
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regulatory network organization and morphogenetic patterns. Potential in-roads to such a 

project have already been made with the construction of comparative drawings based on 

gene expression patterns, the “Molecular Haeckels” (Elinson and Kezmoh 2010).

It is perhaps ironic that just as long-awaited sequenced genomes and targeted genome 

editing technologies are becoming routinely available in organisms like fish and amphibians, 

interest in the basic science of development in these organisms is perceived to be waning in 

favor of human-centered translational research. It remains to be seen whether this perception 

is borne out in the long term. An optimist might argue that the processes of asymmetry, axis 

formation, and self-organization have fascinated scientists and have generated fundamental 

biological insight for well over 100 years, and should continue to do so long into the future.
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Abbreviations

AP Anteroposterior, Anterior-to-posterior

AVE Anterior visceral endoderm

BMP Bone morphogenetic protein

CRD Cysteine-rich domain

DEP domain Dishevelled, Egl10, Pleckstrin

DFC Dorsal forerunner cell

DIX domain Dishevelled, Axin

DV Dorsoventral, Dorsal-to-ventral

dYSL Dorsal yolk syncytial layer

EMT Epithelial-to-mesenchymal transition

EpiSC Epiblast stem cells

ES Embryonic stem

EVL Enveloping layer

FGF Fibroblast growth factor

GPCR G protein-coupled receptor

HMG High mobility group

ICM Inner cell mass

MAPK Mitogen-activated protein kinase
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MBT Mid-blastula transition

MPF Maturation promoting factor

PCP Planar cell polarity

PDZ domain Postsynaptic density protein (PSD95), Disc large tumor 

suppressor (Dlg1), and zonula occludens1 protein (ZO-1)

PMZ Posterior marginal zone

TALEN TAL-effector nuclease

TE Trophectoderm

Tgfb Transforming growth factor beta

UV Ultraviolet irradiation
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Fig. 1. 
Vertebrate axial organization. (a) Diagram of a sagittal section through a Xenopus gastrula, 

showing the involution of the dorsal mesoderm (d.m., dark red) at the dorsal lip. The neural 

plate (n.p., blue) overlies the dorsal mesoderm. bl blastocoel, v.l.m. ventrolateral mesoderm 

(orange), e endoderm (yellow). (b) Sagittal (left panel) and coronal (right panel) diagrams of 

a tailbud-stage Xenopus embryo showing the elongated anterior-to-posterior axis and 

organization of tissues within. The neural tube is located dorsally and will form the entire 

central nervous system (c.n.s.). The dorsal mesoderm gives rise to the notochord and 

somites, ventrolateral mesoderm (v.l.m.) will form the kidneys, body wall muscles and 

vascular system. The endoderm forms the gut and its derivative organs. The cement gland 

(c.g.), a larval amphibian anchoring structure, is shown at the anterior end. After Hausen and 

Riebesell (1991)
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Fig. 2. 
Gray crescent formation in amphibians. Top panel, diagram of an amphibian egg (e.g., Rana) 

before (left) and after fertilization (right). The heavily pigmented animal pole (an) and the 

paler vegetal pole (veg) are indicated. After fertilization, corticocytoplasmic movements 

opposite to the sperm entry point (s.e.p.) result in the appearance of the gray crescent (g.c.) 

on the prospective dorsal side. Bottom panel, images of a Rana egg at fertilization (a), and at 

20 min post-fertilization, showing the gray crescent (b; dorsal view, arrow). Bottom panel 
reproduced from Rugh (1951)
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Fig. 3. 
Events of cortical rotation in Xenopus. Microtubules are disassembled during oocyte 

maturation, and are absent from the egg cortex (left panels). Certain RNAs are localized to 

the vegetal cortex during oogenesis (blue) and encode proteins critical for cortical rotation 

and dorsalization (e.g., trim36, wnt11b). After fertilization, the incoming sperm pronucleus 

and associated centrosome initiate astral microtubule assembly. Cortical microtubule 

assembly also begins, forming a network by 40 min post-fertilization. A shear zone forms 

and microtubules associate with the yolky cytoplasmic core (not shown) and cortical rotation 

begins, under the action of kinesin-like proteins (kinesins). Relative cortical movement 

occurs dorsally, possibly the result of nudging by ventrally positioned astral microtubules, 

and rapidly orients microtubule plus ends dorsally (Olson et al. 2015) (middle panel). 
Microtubule assembly and organization becomes robust by 60 min post-fertilization and full 

cortical rotation commences, continuing until first cleavage. Rapid transport of dorsalizing 

activity occurs along parallel microtubule arrays using kinesin-like motors (right panel). The 

corresponding bottom panels show live images of microtubules labeled with Enconsin 

microtubule-binding domain tagged GFP (EMTB-GFP), showing progressive assembly and 

alignment during cortical rotation (Olson et al. 2015)

Houston Page 91

Adv Exp Med Biol. Author manuscript; available in PMC 2019 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Dorsal determinant transport in zebrafish. (a) Sequence of events in wildtype embryos. 

RNAs and other dorsal determinants are localized vegetally during oogenesis (blue). After 

fertilization, cytoplasm streams to the animal pole, forming the future blastoderm. 

Microtubule assembly initiates ~20 min post-fertilization at the vegetal pole of the yolk cell; 

localized RNAs and Syntabulin protein (Sybu) are shifted toward the future dorsal side. 

Microtubule networks in the lateral cortex facilitate global transport animal-ward, which on 

the dorsal side would contain axis determinants. (b) In hecate (hec) mutants lacking Grip2a, 

maternal vegetal localization occurs, but cortical rotation and microtubule assembly are 

deficient post-fertilization. This image is reproduced and modified from, Ge X, Grotjahn D, 

Welch E, Lyman-Gingerich J, Holguin C, Dimitrova E, et al. (2014) Hecate/Grip2a acts to 

reorganize the cytoskeleton in the symmetry-breaking event of embryonic axis induction. 

PLoS Genet 10(6): e1004422. doi:10.1371/journal.pgen.1004422, under the terms of the 

Creative Commons Attribution License (CC BY 4.0)
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Fig. 5. 
Model for establishment of asymmetry in bird eggs. Left, sectional view of a uterine chicken 

egg viewed from the sharp end. The direction of rotation is indicated; because of this 

rotation, the lighter blastoderm cytoplasm is maintained off angle as it continually floats to 

the highest point. The blastoderm is exposed to the subgerminal cytoplasm, which is 

hypothesized to contain axis determinants (blue). At this stage, the blastoderm is several 

thousand cells and has not formed the area pellucida epiblast. Right, top view of 2–3 day 

embryo showing anterior-to-posterior axial polarity. This embryo would conform to von 

Baer’s rule, with head oriented away with the blunt end positioned left. ant. anterior, post. 
posterior
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Fig. 6. 
Early bias of mouse blastomeres towards lineage fate but not axial polarity. Two-cell 

blastomeres undergo rotational cleavage (dotted white lines indicate cleavage planes), 

generating a fraction of embryos with a tetrahedral cell arrangement. In this formation, 

vegetal blastomeres are biased towards contributing to the trophectoderm (dark gray) in the 

blastocyst. The corresponding animal blastomeres are biased towards contributing to the 

inner cell mass (blue). After Zernicka-Goetz et al. (2009)
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Fig. 7. 
Generalized Wnt signaling networks. In the absence of activating Wnt ligands (top panel, -
Wnt), beta-catenin protein (Ctnnb1) is phosphorylated by destruction complex components 

and tagged for proteasomal degradation. In the nucleus, Tcf7l1/Tcf3 represses Wnt target 

promoter activity through recruitment of Groucho. Upon stimulation with Wnt ligand, a 

variety of pathways are activated (see text for details). Predominantly positive-acting 

components with respect to beta-catenin regulation are shown in green, negative components 

in red, beta-catenin-independent components are light blue. Beta-catenin is shown in yellow. 
Circles indicate component nodes, lines indicate edges, or interacting components. This 

arrangement is not meant to convey specific exact binding relationships or stoichiometry. 

Wnt1 is shown as a beta-catenin-activating ligand, whereas Wnt5 is shown as a Wnt/PCP 

and Wnt/Calcium-stimulating ligand. Plot was generated with iGraph in R (Csardi and 

Nepusz 2014). txn transcription
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Fig. 8. 
Models for Wnt/beta-catenin activation in Xenopus and zebrafish. (a) During cortical 

rotation in Xenopus (top) and zebrafish (bottom), beta-catenin stabilizing dorsalizing activity 

is transported into the equatorial region of the embryo by microtubule-mediated rotation of 

the cortex and through transport along microtubule arrays. Candidates for this activity 

include wnt11b and Lrp6/Dvl particles in Xenopus and wnt8a in zebrafish. (b) By the 

cleavage stages (16–128-cell stage), beta-catenin be-comes activated and enriched in dorsal 

vegetal and marginal nuclei until MBT. In Xenopus, priming of Wnt target genes occurs 

through dimethylation of Histone3 at arginine 8 (H3R8). In zebrafish, beta-catenin 

accumulates in dorsal marginal and dYSL nuclei, and is antagonized by multiple antagonists 

and calcium signaling mediators. (c) During the peri-MBT stages, beta-catenin activates 

direct Wnt targets and cooperates with maternal T-domain proteins (Vegt, Eomes) to activate 

nodal initially on the dorsal side. The combination of nodal and BMP antagonism induced 

by beta-catenin induce the formation of the organizer (gsc, chrd)
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Fig. 9. 
Models for axis induction signaling in chick and mouse. (a) In the chick blastoderm (left 
panel, top/dorsal view, ~stage X, Eyal-Giladi and Kochav 1976) the outer marginal zone of 

the epiblast expresses Wnt8a in a posterior-to-anterior gradient (purple shading). In the 

PMZ, Pitx2 (yellow) activates Gdf1 expression (green). Subsequently (middle panel), the 

newly formed hypoblast (below the plane of the page) begins anterior migration and Gdf1 + 

Wnt8a cooperate to induce Lef1 in the PMZ and Nodal in the adjacent epiblast. Gata2 is 

expressed in the anterior marginal zone and antagonizes Gdf1 long-range. Nodal (magenta) 

is antagonized by Cerberus (Cer), which is expressed in the hypoblast. By the initial 

primitive streak stage (right panel, stage 2+, Hamburger and Hamilton 1951), the anterior 

migration of the hypoblast and migration of the endoblast beneath the posterior epiblast 

removes the inhibition of Nodal and allows feed-forward signaling leading to primitive 

streak formation. The same signaling molecules are ex-pressed in the primitive streak and 

induce organizer genes in Hensen’s node (dotted circle, Gsc, Chrd) at the anterior tip of the 

streak. (b) In the mouse, the earliest asymmetries are the expression of Lefty1 and Cerl (red-
brown) at the tip of the postimplantation AVE (left panel, ~E5.0). These genes are regulated 

by Nodal (green) and Tdgf1, and Tdgf1 is regulated by beta-catenin in the absence of 

secreted Wnt ligand activity (stop symbol). Lefty1 and Cerl antagonize Nodal and feedback 

regulation drives AVE migration towards the proximal egg cylinder on one side (right panel, 
~E5.5). Nodal activity is restricted to the posterior epiblast and is responsible for Wnt3 
expression (blue), which in turn maintains Nodal. These signals cooperate to induce the 

primitive streak, which induces Hensen’s node toward the distal tip later in gastrulation. a 
anterior, p posterior, ExE extraembryonic ectoderm, VE visceral endoderm, ParE parietal 

endoderm
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Fig. 10. 
The organizer experiment of Spemann and Mangold. (a) Diagrammatic model of Spemann 

and Mangold’s dorsal lip transplantation from a lightly pigmented species (light gray) to the 

ventral region of a darker species (dark gray). (b) Image of a Xenopus tadpole following the 

successful grafting of an early gastrula dorsal lip, showing the endogenous axis (1° axis) and 

the induced partial axis (2° axis). The dark pigment in the head of the 2° axis is related to 

abnormal head development in the induced axis. (c) Diagram of a cross section through an 

embryo resulting from a dorsal lip transplant as in (a). The typical lineage contribution of 

the donor lip is lightly shaded reflecting the species origin, indicating contributions to the 

notochord, floor plate and medial somite (c is after Spemann and Mangold 1924). v ventral, 

d dorsal
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Fig. 11. 
Dorsoventral patterning of the gastrula. (a) Image of an early gastrula Xenopus embryo (left 
image) showing gsc mRNA expression in the organizer region (purple). This area expresses 

BMP antagonists Chrd, Fst, and Nog in a dorsoventral gradient (blue shading), and is 

complementary to a gradient of BMP signaling (red shading), resulting in a graded pattern of 

phospho-Smad1/5 (p-Smad1/5). On the right is a late gastrula showing continued 

ventroposterior pattering by BMP signaling, specifying in progressively later fashion 

(differing line thicknesses) the anterior neural crest (a.n.c), posterior neural crest (p.n.c.) and 

epidermis (ep.), in addition to the underlying germ layers (not shown). (b) Simplified 

network model of secreted protein interactions acting in dorsoventral patterning. Chrd 

secreted by the organizer antagonizes Bmp activity, mediated by Bmp4/7 ventrally and 

Admp within the organizer. Bmp activity inhibits chrd expression. Tld/Bmp1 acts as a Chrd 

inhibitor via proteolysis; Szl is a Tld inhibitor, indirectly promoting Chrd activity in the 

extreme ventral region (dotted arrow). The critical reciprocal control interactions responsible 

for self-organization are indicated with blue lines; Bmp4/7 positively controls its own 

expression but inhibits admp expression. Bmps also upregulate cv2/bmper, a ventral Bmp 

antagonist, and inhibit chrd dorsally. Model after De Robertis (2009)
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Fig. 12. 
Models for anteroposterior axis patterning in vertebrates. (a) Depiction of Nieuwkoop’s 

ectodermal fold implantation experiments (Nieuwkoop 1952; Nieuwkoop and Nigtevecht 

1954). Dorsal posterior view of a neurula stage amphibian embryo; neural fate is represented 

as a gradient from light-to-dark with darker color indicating more posterior fates; the 

epidermis is yellow. The implanted folds are shown as boxes, divided to show the 

approximately position of induced neural fates. Each fold is characterized by a distal 

epidermal portion (ep.) bounded by general neural/neural plate border (activated tissue); this 

is followed proximally by graded neural fates, reflecting the hypothesized influence of a 

transforming gradient (as opposed to a distinct inducer at each AP level). (b) Molecular 

interpretation of Nieuwkoop’s model. In the gastrula, neural induction is accomplished by 

BMP antagonism, which induces neural tissue with forebrain character. (c) During later 

gastrulation, the expression of Wnts directly induces posterior fates in anterior neural-fated 

tissue in a dose-dependent fashion. FGF signaling is required in a permissive role. Wnt 

antagonists expressed in the anterior mesendoderm limit the extent of Wnt signaling and the 

anterior remains forebrain
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Fig. 13. 
Model for origin and role of the AVE in anteroposterior pattering in the mouse. (a) In the 

peri-implantation blastocyst (E5.0), a subpopulation of primitive endoderm (PE) expressing 

Lefty1 and Cerl arise stochastically positioned asymmetrically in the distal egg cylinder. 

This population requires Nodal and Tdgf1 in the epiblast and is inhibited by Bmp4 in the 

extraembryonic ectoderm. (b) As the conceptus grows after implantation (E5.25), the AVE 

begins to also express Wnt antagonists and is repelled by Nodal and Wnt signals; the action 

of BMP is limited to the proximal epiblast and PE, allowing migration of AVE in the distal 

region. (c) As AVE migration proceeds, a second set of Lefty1; Cerl-expressing cells is 

induced in the distal VE (2°AVE) by Tdgf1-independent Nodal signaling. These cells and 

the 1°AVE migrate in a coherent stream toward the presumptive anterior, inhibiting Nodal 

and Wnt signaling in the epiblast and specifying the anterior neuroectoderm. Progressive 

loss of Nodal from the anterior limits activity to the posterior, where Nodal and Wnt 

maintain and amplify each other’s expression through BMP4, inducing the primitive steak 

(PS) in the prospective posterior. ParE parietal endoderm, PE/VE primitive/visceral 

endoderm, ExE extra-embryonic ectoderm. Images were modified and adapted from: 

Bedzhov I, Graham SJL, Leung CY, Zernicka-Goetz M (2014) Developmental plasticity, cell 

fate specification and morphogenesis in the early mouse embryo. Philosophical Transactions 

of the Royal Society B: Biological Sciences 369:20130538. doi:10.1098/rstb.2013.0538 

under the terms of the Creative Commons Attribution License CC BY 3.0
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Fig. 14. 
Model for the evolution of axis formation in vertebrates. Highly generalized schematic 

diagrams of different vertebrate embryos during early (upper panels) and middle (lower 
panels) gastrulation. In the basal vertebrates (left panels; vegetal views), gastrulation 

initiates at the organizer with induction by the Nieuwkoop center (high/early Nodal 

signaling). The initial internalization movements are through involution. By mid-

gastrulation, ingression of mesendoderm progresses around the vegetal cells (yolk plug) and 

forms the nascent blastopore. Involuted dorsal mesendoderm undergoes convergent 

extension via mediolateral cell intercalation under the control of Wnt/PCP signaling. During 

the evolution of amniotes (middle panels; top/dorsal views), eggs increased in size and yolk 

content and began to undergo meroblastic cleavage. Organizer induction by Nieuwkoop 

center molecules is retained in early gastrulation. Ingression proceeds through the horizontal 

slit of the blastoporal plate/blastopore and does not circumferentially envelop the non-

cleaving yolk (not shown). In the evolution of modern birds and mammals, gastrulation 

initiates with ingression at the primitive streak, which would be homologous to the later 

ventrolateral blastopore in ancestral forms. The organizer (Hensen’s node) is induced later 

by Nodal signaling from the middle primitive streak. The heterochrony in the pattern of 

gastrulation morphogenesis and organizer formation could result from several main events; 

the hypoblast/anterior endoderm segregating from the epiblast as opposed to forming from 

cleaving vegetal cells, the loss of early organizer induction, the apparent emergent behavior 

of polonaise-like movements leading to primitive streak formation and the relatively later 

induction of Hensen’s node by the primitive steak
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