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Abstract

Proper cell–cell communication is necessary to orchestrate the cell fate determination, 

proliferation, movement, and differentiation that occurs during the development of a complex, 

multicellular organism. Members of the Wnt family of secreted signaling molecules regulate these 

processes in virtually every embryonic tissue and during the homeostatic maintenance of adult 

tissues. Mammalian genetic studies have been particularly useful in illustrating the specific roles 

that Wnt signaling pathways play in embryonic development, and in the etiology of diseases such 

as cancer. This chapter will largely focus on the functional roles that Wnts, signaling through the 

Wnt/ -catenin pathway, play during early mammalian development.
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1. Introduction

Wnt genes encode a large family of highly conserved secreted glycoproteins that play 

critical roles in development and disease (1, 2). Starting with the discovery of the first 

Wnt gene, Wnt1 (Int-1), as a common site of integration for the Mouse Mammary Tumor 

Virus in breast cancers (3), mice have played a central role in the study of Wnt function. 

Considerable effort has been devoted to the elucidation of the biochemical pathways that 

transduce Wnt signals, at least in part because of the role that Wnt pathways play in 

initiating cancer (see the Wnt homepage http://www.stanford.edu/~rnusse/wntwindow.html 

for details on Wnt genes, pathways, and links to the many reviews on Wnt signaling). 

These pathways include the Wnt/β-catenin pathway, and lesser-understood pathways such 

as the Wnt/PCP and the Wnt/Ca2+ pathways (see Chapters 1 and 10 in this volume for 

detailed reviews of these pathways). Although studies in many different model organisms 

and cell lines have established the framework for investigations into the mechanisms of Wnt 

signaling, the ability to precisely manipulate the germline, coupled with the suitability of the 

mouse as a model mammalian organism for the study of human disease, makes the mouse a 

particularly attractive system to study Wnt function in vivo.
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2. Brief Overview of the Wnt/β-Catenin Signaling Pathway

β-Catenin is the primary transducer of Wnt signals in the canonical Wnt/β-catenin signaling 

pathway. In the absence of Wnt ligand, cytoplasmic β-catenin is maintained at low levels 

due to the activity of the destruction complex. This multiprotein complex, which includes 

the tumor suppressors adenomatous polyposis coli (APC) and Axin, and members of the 

glycogen synthase kinase (GSK)-3 and casein kinase (CK)-1 families, binds β-catenin and 

phosphorylates it on N-terminal residues to target it for ubiquitylation and destruction 

by the proteasome (4). The binding of Wnt ligands to the seven-pass transmembrane 

receptor Frizzled (Fz) and the single-pass transmembrane coreceptor lipoprotein receptor-

related proteins 5 and 6 (Lrp5/6) promotes the recruitment of Axin to Lrp and Fz-bound 

Dishevelled, presumably affecting the stability or conformation of the destruction complex. 

Although the precise mechanisms are not clear, the reduced activity of the destruction 

complex is thought to be due to the inhibition of GSK3-mediated phosphorylation of 

β-catenin. Nonphosphorylated β-catenin is stable, accumulates, and translocates into the 

nucleus where it binds to T-cell factor (Tcf)/lymphoid enhancer factor (Lef) transcription 

factors. Tcf/Lef proteins bind to specific sequences in the regulatory elements of target 

genes. When the Wnt/β-catenin pathway is inactive, Tcf/Lef factors repress the transcription 

of target genes through interactions with the Groucho/TLE repressors. The binding of 

β-catenin to Tcf/Lef displaces Groucho and recruits transcriptional coactivators, converting 

Tcf/Lef proteins from repressors to activators of target genes (5, 6). Thus stimulation of the 

Wnt/β-catenin signaling pathway results in the activation of transcriptional programs of gene 

expression.

The 19 known Wnt ligands have been traditionally classified as canonical Wnts if they 

have been shown to stimulate the Wnt/β-catenin pathway, or as non-canonical Wnts if 

they have not. Assays for Wnt/β-catenin pathway activation are numerous and varied and 

include β-catenin stabilization, cell transformation, and β-catenin/Tcf-luciferase reporter 

assays in vitro, axis duplication assays in Xenopus embryos, and assessment of cells or 

embryos for the expression of characterized Wnt/β-catenin target genes. Fewer assays are 

available for the assessment of Wnt activity in alternative signaling pathways. Probably the 

most widely accepted assay for ligand activity in the vertebrate PCP pathway remains the 

axis extension assay in Xenopus and Zebrafish embryos. Overexpression of noncanonical 

Wnt ligands interferes with convergent-extension (CE) cell movements and results in 

shorter, broader embryos (reviewed in ref. (7)), a phenotype distinguishable from the axis 

duplications observed upon injection of canonical Wnts. Recent studies have blurred the 

line that distinguishes Wnt ligands from one another. For instance, Wnt5a and Wnt11, long 

considered non-canonical Wnts, can indeed signal via β-catenin if the appropriate receptor 

combination is present on the responding cell (8, 9). These results led to the suggestion 

that pathway selection is not an intrinsic property of the ligand, but rather is determined 

by receptor context. Nevertheless, lipid modification of Wnts is necessary for canonical 

Wnt signaling, leaving open the possibility that differential palmitoylation of Wnts could 

contribute to pathway selectivity (discussed in ref. (10)).

Mammalian genetic studies have contributed substantially to our understanding of the 

function of Wnt ligands during development. Wnt genes are generally expressed in a highly 
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localized and temporally regulated fashion in virtually all tissues throughout embryogenesis. 

The majority of Wnt genes have been mutated by conventional knockout studies (11). 

Although many of these mutations lead to dramatic developmental defects, a significant 

number result in viable, fertile animals when homozygous null. This is presumably due 

to genetic redundancy, since many Wnt genes are expressed in overlapping spatial and 

temporal domains in numerous tissues. Surprisingly few of these viable Wnt mutants 

(discussed below) have been published, or examined directly in double mutant tests for 

redundancy, likely due to the insur-mountable depression that the developmental biologist 

experiences following the discovery of a viable phenotype. Targeted null mutations of genes 

encoding central components of Wnt signaling pathways have led to interesting phenotypes 

that either manifest as early embryonic lethal, necessitating the use of conditional alleles 

to address function in later tissues, or as highly specific phenotypes that are only apparent 

at relatively late developmental stages due to genetic redundancy. This broad range of 

phenotypes has frequently made the assignment of a given Wnt to a specific signaling 

pathway somewhat ambiguous. This chapter reviews recent progress in our understanding of 

the genetic networks underlying Wnt signaling during early mammalian preimplantation and 

postimplantation development.

3. Wnt Signaling During Preimplantation Development

The fertilized egg is totipotent, that is, it possesses the capacity to generate all differentiated 

cell types. Shortly after fertilization, the conceptus undergoes a series of reductive cleavage 

divisions that lead to the first establishment of polarized cells, and to the first cellular 

differentiation events. These early events result in the formation of the blastocyst by 

embryonic day (E) 3.5 (reviewed in ref. (12)), which consists of an outer epithelial 

extraembryonic trophectoderm (TE), and an internal clump of inner cell mass (ICM) cells 

(Fig. 23.1). The ICM is asymmetrically located within the TE due to the formation of 

the blastocoel cavity, leading to a distinct proximal–distal axis defined by the ICM at the 

proximal pole. The TE interacts directly with the maternal uterine wall during implantation 

(E4.5), and subsequently contributes to the trophoblast lineages of the placenta. The TE that 

surrounds the blastocoelic cavity is termed the mural TE, while the TE directly in contact 

with the epiblast is known as the polar TE. The ICM gives rise to the epiblast (which 

produces all of the cells of the embryo proper) and the overlying primitive endoderm (PE) 

around the time of implantation, and the PE subsequently generates the visceral endoderm 

(VE) and parietal endoderm.

At least 6 Wnt genes are expressed in overlapping but tissue-specific patterns during 

preimplantation development (13, 14). For instance, Wnt1 expression appears restricted to 

the ICM, while Wnt3a messenger RNA (mRNA) is detected throughout the blastocyst. 

Although presumed null mutations have been generated in all 19 Wnt genes (11), 

preimplantation phenotypes have not been observed in any single Wnt mutant. Genetic 

redundancy may explain the lack of an early phenotype given that many components of 

the Wnt/β-catenin pathway are expressed in the preimplantation embryo (15, 16). However, 

nuclear localization of β-catenin has not been observed in preimplantation embryos (17), 

nor has the expression of β-catenin/Tcf-lacZ reporter transgenes been detected (17-21), 

suggesting that the Wnt/β-catenin pathway is not active in the embryo at these stages. 
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Consistent with these studies, preimplantation phenotypes were not observed in either loss-

of-function (LOF) or gain-of-function (GOF) studies of β-catenin, nor in single or double 

mutants of any other component of the Wnt/β-catenin or Wnt/PCP pathway examined to 

date, including Lrp5, Lrp6; Dvl1, Dvl2, or Dvl3; Tcf1, Tcf3, Tcf4; and Lef1, Vangl2, and 

Celsr1, among others (11). These results strongly suggest that the mammalian embryo does 

not require the Wnt/β-catenin or Wnt/PCP signaling pathways for proper preimplantation 

development.

Interestingly, Wnt ligand expression by the blastocyst may serve to coordinate the embryo–

uterus interactions necessary for implantation. A β-catenin/Tcf lacZ reporter is expressed in 

the maternal uterine epithelium at sites of embryo implantation, and expression is dependent 

upon the presence of the blastocyst (22). This activation can be mimicked by injection of 

beads coated with Wnt7a- but not Wnt5a-expressing cells into the uterine lumen. Lumenal 

injections of the Wnt antagonist sFRP2 significantly inhibited blastocyst implantation, 

suggesting that a Wnt ligand(s) is necessary for successful implantation. While these results 

are intriguing, formal proof that β-catenin is required in the uterine epithelium for embryo 

implantation is lacking. Future studies aimed at the identification of relevant target genes in 

the epithelium will be necessary to understand the underlying mechanisms.

4. Wnt Signaling and the Establishment of the Body Plan

Wnt signaling pathways play crucial roles in the development of the postimplantation 

embryo. Since the role of the Wnt/β-catenin pathway in body plan formation has been 

reviewed (23, 24), this section provides a brief overview of the important developmental 

processes that occur after blastocyst implantation, and then focuses on recent advances in 

our understanding of the role of Wnt signaling in these processes.

The embryo undergoes major morphogenetic changes after implantation as the spherical 

blastocyst transforms into an elongated, cup-shaped structure known as the egg cylinder. The 

egg cylinder can be considered as two regions, an embryonic and extraembryonic region that 

is composed of three distinct tissues, the embryonic epiblast, the extraembryonic ectoderm 

located proximally to the epiblast, and an overlying sheet of VE that cocoons the epiblast 

and extraembryonic ectoderm (Fig. 23.1). Recent studies suggest that morphogenetic 

rearrangements of the polar TE occurring shortly after implantation lead to the folding 

and formation of the extraembryonic ectoderm (25). This morphogenetic folding, together 

with increased proliferation of polar TE (26), drives the growth of the epiblast and 

extraembryonic ectoderm in a distal direction, resulting in their envelopment by the VE.

Although the extraembryonic ectoderm and VE contribute only to extraembryonic tissues, 

both tissues are in direct contact with the epiblast and are crucial for the establishment of 

the anterior–posterior (AP) body axis. The epiblast is an epithelium of pluripotent stem cells 

that gives rise to all the cells of the embryo proper including the germ line. The imparting of 

positional information to the epiblast is crucial for the establishment of the body plan. The 

formation of the AP axis is a fundamental first step in the establishment of this plan as the 

anterior pole defines where the head will form, while the posterior pole defines the site of 

primitive streak (PS) and ultimately tail formation. The VE plays a particularly important 
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role in the specification of the AP axis. Around E5.5, VE cells located at the distal end 

of the egg cylinder (DVE; Fig. 23.1) migrate proximally and asymmetrically to become 

the anterior VE (AVE) (27, 28). The AVE defines the prospective anterior pole, as surgical 

removal of the AVE results in the loss of anterior epiblast and neurectoderm fates (29). 

Concomitantly, the expression of powerful developmental signaling molecules including the 

Tgf-β family member, Nodal, Wnt3, and Wnt8a in the proximal epiblast shifts posteriorly to 

define the prospective site of PS formation (and consequently, mesoderm formation) at the 

posterior pole (Fig. 23.1). The restriction of the AVE to the distal tip of the embryo, AVE 

migration, and the expression of proximal posterior epiblast markers such as Nodal appears 

to be under the control of signals secreted by the extraembryonic ectoderm (30). Thus 

interactions between extraembryonic ectoderm, VE, and the epiblast, are responsible for 

the formation of the AVE and the posterior localization of gene expression in the epiblast, 

thereby converting proximal–distal polarity into AP polarity. This phenomenon is frequently 

referred to as axis conversion or rotation.

The Wnt/β-catenin pathway plays an important role in the initial establishment of the AP 

axis. Embryos homozygous for a null allele of β-catenin do not initiate AP axis formation 

due to the abnormal specification of the DVE, and the failure of the DVE to rotate anteriorly 

(31). Chimera studies demonstrate that β-catenin is required in epiblast, and not in VE cells, 

suggesting that β-catenin regulates the specification and movement of VE cells in a non-cell 

autonomous fashion. One way that the β-catenin pathway may indirectly regulate DVE 

specification and movement may be via the Nodal signaling pathway. Nodal signaling from 

the epiblast is essential for the formation of the DVE (32). The Nodal co-receptor Cripto, 

which is also required for the anterior movement of the DVE (33), is a direct target gene of 

the Wnt/β-catenin pathway and is not expressed in β-catenin null mutants (34). These and 

other results suggest that β-catenin regulates DVE migration by facilitating Nodal signaling 

in the epiblast through the activation of Cripto.

Wnt/β-catenin signaling also has important roles in DVE migration and AP axis formation 

that are independent of the Nodal pathway. The paired-type homeobox gene Otx2 is another 

important regulator of AP axis formation. The DVE forms in Otx2−/− embryos but it does 

not rotate anteriorly (35, 36). Expression of dickkopf1 (Dkk1), which encodes a secreted 

negative regulator of Wnt signaling, is normally found in a proximal subset of wild-type 

DVE cells and then becomes asymmetrically localized as DVE cells migrate anteriorly. 

Although several DVE markers were expressed in Otx2−/− embryos, Dkk1 expression was 

not initiated, suggesting that it might play a role in directional migration of DVE cells 

as a downstream target of Otx2 (37). Gel shift assays and promoter–reporter analyses 

in transgenic mice demonstrated that Otx2 indeed directly activates the Dkk1 promoter. 

Remarkably, the forced expression of Dkk1 in the Otx2 spatial domain, by “knocking-in” 

a Dkk1 complementary DNA (cDNA) into the Otx2 locus, led to the partial rescue of 

axis rotation defects. These results suggest that Otx2 regulates anterior specification, at 

least in part, by activating Dkk1 and thereby inhibiting the Wnt/β-catenin pathway. This is 

supported by the observation that genetically reducing Wnt/β-catenin signaling in Otx2−/− 

mutants by deleting one copy of the β-catenin gene (Ctnnb1), also partially rescues the 

anterior migration defect of DVE cells. Moreover, cultures of whole E5.5 embryos with 

beads coated with recombinant protein demonstrated that Dkk1 attracted migrating DVE 
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cells, while Wnt3a repelled them (37). Clearly, Dkk1 plays an essential role in anterior 

specification since a targeted mutation of Dkk1 leads to the loss of anterior head structures 

(38). Together, these results suggest that asymmetrical Wnt/β-catenin signaling promotes the 

anteriorly directed migration of DVE cells necessary for the specification of the AP body 

axis.

5. Gastrulation and the Regulation of Mesoderm Formation by Wnt 

Signaling

Gastrulation is a complex morphogenetic process that is responsible for the formation of 

the mesoderm and definitive endoderm germ layers and for the elaboration of the body 

plan. Gastrulation begins at E6.5 with the formation of the PS, a transient developmental 

structure that forms at the posterior terminus (Fig. 23.1) and converts pluripotent epiblast 

stem cells into mesoderm and endoderm progenitors. Many powerful inducing factors, 

including members of the Wnt, Fgf, and Tgfb/Bmp families, are expressed in the PS where 

they play important roles in the regulation of cell fates. Epiblast cells fated to give rise to 

mesoderm cells undergo an epithelial-to-mesenchymal transition and generally ingress and 

migrate away from the PS to generate the mesodermal germ layer.

The Wnt/β-catenin pathway plays a major role in the formation of the PS during 

gastrulation. Both Wnt3 and Wnt8a are radially expressed in the proximal epiblast prior 

to gastrulation and become posteriorly localized, forecasting the site of PS formation, after 

the DVE migrates anteriorly to orient the AP axis (37, 39). Wnt3 but not Wnt8a plays an 

essential role in PS formation since Wnt3−/− embryos lack a PS and mesoderm (39), while 

Wnt8a mutants appear normal (T. Yamaguchi and A. McMahon, unpublished observations). 

The lack of a phenotype in the Wnt8a mutants is presumably due to redundancy with Wnt3, 

although this has not been tested directly. Analyses of AVE markers indicate that Wnt3−/− 

mutants are able to establish a correctly oriented AP axis, however the overlying ectoderm 

does not acquire anterior neural identity. Thus the absence of both anterior neural identity 

and posterior structures demonstrates that Wnt3 is necessary for patterning of the epiblast 

along the entire AP axis. Wnts appear to function as posteriorizing signals since ectopic 

expression of Wnt8a leads to the enhanced formation of posterior structures while reducing 

the formation of anterior neuroectoderm (40).

Recent experiments have shed light on the molecular signals responsible for the activation 

of Wnt3 in the proximal posterior epiblast and for the positioning of the PS in the posterior 

embryo. It has been known for some time that Nodal is required in the epiblast for 

gastrulation and PS formation (41, 42). Nodal activity likely determines the site of PS 

formation since combined mutations in the Nodal antagonists Cerberus-like and Lefty1, 

which are expressed in the AVE, lead to ectopic Nodal signaling and the formation of 

multiple PS (43). Nodal appears to regulate PS formation by regulating Wnt3, but does so 

indirectly through the activation of Bmp4 in the extraembryonic ectoderm, which in turn 

signals back to the epiblast to induce Wnt3 (32,44). Wnt3 completes a positive feedback 

loop by stimulating Nodal expression in the epiblast. It has been suggested that Nodal is a 

direct target gene of Wnt3 since Tcf binding sites were identified in the proximal epiblast 
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enhancer (44), however the functional relevance of these sites has not yet been tested by 

mutational analyses. Nevertheless, these studies clearly demonstrate that reciprocal inductive 

interactions between the epiblast and contiguous extraembryonic tissues are important for 

the transcriptional activation of Wnt3 and the subsequent formation of the PS.

Although not formally demonstrated through genetic means, in vitro studies and 

comparisons of phenotypes and gene expression profiles of Wnt3-null and β-catenin-

null mutants are consistent with Wnt3 signaling via β-catenin (31, 34, 45, 46). In 

general, antibody reagents detect active β-catenin protein at, or near, sites of Wnt3 
and Wnt8a expression in the pregastrulation embryo, however the precise locations are 

often inconsistent with reported sites of β-catenin/Tcf-lacZ reporter activity. For instance, 

cytoplasmic dephosphorylated β-catenin is most strongly expressed in the extraembryonic 

VE at pregastrulation and early gastrulation stages, and is poorly detected, if at all, in the 

nucleus and cytoplasm of epiblast cells at these stages, despite the strong expression of Wnt 

ligands there (17, 37). In contrast, β-catenin/Tcf lacZ reporters (see ref. (18) for review) are 

only weakly expressed in extraembryonic tissues, but are strongly activated in the posterior 

epiblast as the PS forms (17, 19, 20). These reporter studies, together with the previously 

mentioned chimera analyses demonstrating that β-catenin function is required in the epiblast 

and not in the VE (31), call into question the relevance of the β-catenin expression detected 

in the VE.

While it is clear that Wnt3 is essential for the formation of the earliest mesoderm to arise in 

the PS, Wnt3 expression is down regulated in the PS by E7.5 (47), 6 days before mesoderm 

formation ceases in the PS-derived tailbud at E13.5. Several other Wnt genes are expressed 

in the PS at E7.5, including Wnt2b, Wnt3a, Wnt5a, Wnt5b, and Wnt11 (Fig. 23.2) (48), 

and presumably compensate for the absence of Wnt3 expression. Wnt3a is first expressed 

in the PS at E7.5, and appears to function as the primary mesoderm inducer at this stage 

since Wnt3a null embryos die at mid-gestation with no apparent posterior mesoderm, PS, 

or tailbud, and instead display ectopic neural tubes (48, 49). The construction of a genetic 

series of Wnt3a alleles, through the breeding of animals carrying null and hypomorphic 

mutations, clearly demonstrate that Wnt3a plays a central role in the formation of all trunk 

and tail mesoderm (50).

Multiple lines of genetic evidence convincingly demonstrate that Wnt3a regulates mesoderm 

fates by signaling through the Wnt/β-catenin pathway. Conditional inactivation of Ctnnb1 
(β-catenin) in the PS at E7.5 (the stage at which Wnt3a is first expressed there) results in 

a loss of posterior mesoderm that is similar to the mesoderm deficit observed in Wnt3a 
mutants (51). Importantly, expression of a stabilized form of β-catenin in Wnt3a−/− embryos 

was sufficient to rescue the posterior mesoderm deficit, providing formal genetic proof that 

β-catenin mediates the mesoderm-inducing activity of Wnt3a. Numerous studies provide 

additional support: a constitutively active form of Lef1 rescues the phenotypes observed in 

the hypomorphic Wnt3a mutant vestigial tail (vt) (52), Tcf1;Lef1 double mutants phenocopy 

the Wnt3a mutants (53), Lrp6 mutants genetically interact with vt (54, 55), and, finally, 

β-catenin/Tcf-responsive β-gal reporters and endogenous β-catenin/Tcf target genes (see 

below) are downregulated by LOF alleles of Wnt3a and Ctnnb1, and upregulated by GOF 

alleles of Ctnnb1 (21, 51, 52, 56-60). Together, the data unequivocally demonstrates that 
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Wnt3a utilizes the canonical β-catenin/Tcf-Lef pathway to induce the formation of all 

streak-derived mesoderm.

With the exception of Wnt5a, null mutations in the remaining Wnt genes expressed during 

gastrulation have not yielded gastrulation phenotypes. For instance, embryos homozygous 

for a targeted disruption of Wnt2b are viable and fertile (T. Tsukiyama and T. Yamaguchi, 

unpublished data). Again, the lack of an apparent phenotype is likely due to genetic 

redundancy with canonical Wnts such as Wnt3a. Although Wnt5a expression in the PS 

overlaps considerably with other Wnts (Fig. 23.2), embryos homozygous for a targeted 

null mutation of Wnt5a display shortened trunks and do not form tails, resulting in a 

posterior truncation that is milder than that observed in Wnt3a−/− mutants (61). Molecular 

and morphological analyses of Wnt5a mutants demonstrate that this posterior truncation 

phenotype is not due to an aberrant specification of posterior mesodermal fates but instead 

likely arises from defects in CE cell movements in or near the PS (ref. (61) and unpublished 

data).

Despite recent observations in vitro that suggest that Wnt5a can signal through β-catenin 

(9), little evidence exists to support a role for β-catenin in transducing Wnt5a signals in 

vivo. For instance, the expression of Wnt/β-catenin target genes and β-catenin/Tcf–lacz 

reporters in the PS is unaffected by the absence of Wnt5a (ref. (61) and unpublished data). 

Moreover, genetic experiments demonstrate that Wnt5a interacts with core components of 

the Wnt/PCP pathway such as Vangl2/Looptail during axis extension (62). Thus Wnt5a 

appears to control PS morphogenesis by regulating the Wnt/PCP pathway, however the 

precise cellular and molecular mechanisms underlying Wnt5a activity in the PS remain 

largely unknown. It is intriguing to note that embryos lacking the Wnt antagonists sFRP1 
and (FRP2 display a phenotype remarkably similar to the Wnt5a mutant phenotype (63). 

Wnt5a has been reported to inhibit the activation of the Wnt/β-catenin pathway (7), leading 

to the expectation that this pathway will be hyperactivated in Wnt5a mutants, however no 

supporting evidence for this was found in the Wnt5a mutants nor in the (zFRP1;sFRP2 
double mutants. The relationship between Wnt5a and sFRP1/2 may be complex since Wnt5a 

does not appear to simply bind directly to sFRP1 (64, 65).

6. The Wnt3a/β-Catenin Pathway and Mesodermal Segmentation

Fate mapping, transplantation, and gene expression studies of the E7.5 gastrulating embryo 

indicate that different mesodermal lineages arise from different AP regions of the PS 

(66, 67). Paraxial presomitic mesoderm (PSM) progenitors arise in the anterior PS, while 

intermediate, lateral, and extraembryonic mesoderm cells arise from successively posterior 

regions of the streak. Transplantation studies performed in the chick suggest that while these 

mesodermal fates are determined in the PS, mesodermal progenitors are not irreversibly 

committed to these fates until after they have left the PS (68, 69). Different mesodermal 

fates likely arise from the combinatorial activities of multiple secreted signaling molecules, 

however the mechanism controlling the commitment and differentiation of mesodermal 

progenitors to mature cell types is not well understood.
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The continuous formation of new mesodermal progenitors in the PS, together with the 

morphogenetic movements of gastrulation and CE, drive the anteriorly directed movement 

of mesodermal cells out of the PS. Once immature PSM cells, for example, get a prescribed 

distance from the PS, they undergo a dramatic transition in gene expression, initiating a 

poorly understood maturation process that results in the termination of early mesoderm 

specification genes, and the activation of a segment boundary formation program that 

cleaves the anterior mesoderm every 2 hours, resulting in the periodic formation of somites.

Remarkably, the Wnt3a/β-catenin pathway directly, and indirectly, controls the majority 

of these developmental events. In addition to the roles already described for Wnt3a in 

the specification of mesoderm fates, Wnt3a also plays a major role in the subsequent 

segmentation of mesoderm. Although it was originally observed that only the first 7–10 (of 

the approximately 60–65 expected) pairs of somites form in Wnt3a null mutants, the lack of 

posterior somites was primarily attributed to the impaired formation of mesoderm in the PS 

and tailbud (48). It was not until it was shown that the direct Wnt3a target gene, Axin2, is 

expressed in a graded and oscillating fashion in the PSM that Wnt3a was directly implicated 

in segmentation (57). This led to the development of the clock and gradient model, modified 

from preexisting clock and wavefront models, that proposed that the Wnt3a/β-catenin (and 

Notch) pathways are core components of a molecular oscillator or segmentation clock 

that controls periodic somite formation, and, together with Fgf8, establishes a morphogen 

gradient that sets the segment boundary position (reviewed in refs. (70, 71)). Recent studies 

using Wnt3a nulls, and conditional Ctnnb1 LOF and GOF alleles refutes the proposed role 

for Wnt3a/β-catenin signaling in the segmentation clock, suggesting instead that the Wnt3a 

gradient maintains posterior PSM cells in an immature progenitor state that is permissive 

but not instructive for the cycling segmentation clock (51). Conditional stabilization of 

β-catenin in the PSM did not disrupt molecular oscillations but led to a dramatic expansion 

of immature PSM and a delay in the formation of segment boundaries, clearly supporting 

the proposed role for Wnt3a in setting the position of segment boundaries. Thus Wnt3a 

plays a central role in eliciting proper posterior development, functioning to coordinate PSM 

maturation with the segmentation clock and boundary formation.

7. Complex Transcriptional Networks Activated by Wnt3a/β-Catenin 

Signaling

Attempts to elucidate the transcriptional networks activated by the Wnt3a/β-catenin pathway 

during early mammalian development have led to the identification of several important 

direct target genes. The T-box transcription factor and early panmesodermal marker, T (also 

known as Brachyury), was one of the first developmentally relevant direct target genes to 

be identified (52, 56, 60). Embryos homozygous for this classic mouse mutation display 

a posterior truncation phenotype that is remarkably similar to the Wnt3a−/− phenotype, 

suggesting that Wnt3a and T may function in the same pathway. Indeed, T is downstream 

of Wnt3a/β-catenin signaling since its expression is downregulated in the PS of Wnt3a 
null mutants, completely absent in embryos conditionally lacking β-catenin in the PS, 

and upregulated in embryos expressing a stabilized form of β-catenin in the PS (51, 

60). Molecular analyses demonstrated that Tcf/Lef binding sites found in the T promoter 
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bind Lef1 and are essential for the promoter to drive expression in reporter assays in 

vitro, and in the PS in transgenic animals (52, 56, 60). These results indicate that T is a 

major transcriptional effector of Wnt3a/β-catenin signaling during posterior development. 

Surprisingly little is known about the target genes of T itself.

Targeted mutations in several other developmental genes lead to phenotypes that are similar 

to the Wnt3a and T mutant phenotypes, suggesting their potential involvement in this 

pathway. For instance, the lack of posterior somites and the ectopic neural tubes observed in 

embryos lacking Tbx6, a PSM-specific Tbox transcription factor closely related to T, closely 

resembles the Wnt3a−/− phenotype (72). However, in contrast to Wnt3a and T mutants that 

lack tailbuds, Tbx6 mutants display a grossly enlarged tailbud, indicating that Tand Tbx6 
have divergent functions. Analysis of Tbx6 expression in Wnt3a and T mutants, coupled 

with genetic analyses of T and Tbx6 mutants, suggests that Tbx6 is likely a direct target of 

T, and therefore an indirect target of the Wnt3a/β-catenin pathway (59, 60, 73, 74). Tbx6 
may play an important role in integrating inputs from multiple signaling pathways since 

Tbx6 transcription is also directly regulated by the Notch pathway (75).

Interestingly, many of the target genes of Tbx6 that have been described to date are 

also directly co-regulated by the Wnt/β-catenin or Notch pathways, i.e., the target 

gene promoters possess functional binding sites for both Tbx6 and Tcf or RBPJκ (the 

transcriptional effector of the Notch pathway). For example, Tbx6 and the Wnt/β-catenin 

pathway synergistically activate the expression of the bHLH transcription factor Mesogenin1 
in the PSM (ref. (76); W.C. Dunty and T. Yamaguchi, unpublished). Mesogenin1 and Tbx6 
are expressed in similar domains in the PSM and targeted mutations of Mesogenin1 reveal 

a mutant phenotype that is remarkably similar to the Tbx6 mutant phenotype (77). Analysis 

of gene expression in the enlarged tailbuds of Tbx6 and Mesogenin mutants indicates that 

the tailbuds are largely composed of immature mesodermal progenitors. This suggests that 

Tbx6 and Mesogenin, under the control of Wnt3a, promote the progression or maturation of 

posterior mesodermal progenitors to anterior, segmented somites.

Several other Wnt3a/β-catenin target genes help to illustrate the diverse activities of this 

pathway during posterior development. The Delta-like1 (Dll1) gene encodes a Notch ligand 

that is necessary for the activation of the segmentation clock and proper segmentation (78, 

79). Dll1 expression is dependent upon Tbx6 and the Wnt3a/β-catenin pathway, indicating 

that Wnt3a controls segmentation in part through the activation of Dll1, and therefore, 

Notch activity (21, 58, 59). Wnt3a also controls segmentation through the repression of 

the segment boundary determination gene Ripply2 (51). In addition, Wnt3a plays important 

roles in imparting positional information to the PSM. Wnt3a−/− mice display homeotic 

transformations of the vertebrae that are similar to transformations observed in Hox mutants 

(80). Indeed, Wnt3a indirectly regulates Hox gene expression through the activation of 

members of the Cdx family of homeodomain encoding genes, which are known regulators of 

Hox gene activity (ref. (81), and references therein). Remarkably, Wnt3a also participates in 

the determination of the left–right (LR) body axis, indirectly regulating the LR determinant 

and Dll1/Notch target gene, Nodal, through the activation of Dll1 (21, 82, 83). This suggests 

that Dll1 links Wnt3a to segmentation and the orientation of the LR axis.
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8. Summary

The Wnt/β-catenin pathway regulates multiple events crucial for early mammalian 

embryogenesis, including the specification of the AP and LR body axes, PS and mesoderm 

formation, mesodermal patterning, and segmentation. Once gastrulation has been initiated 

and the body axes have been established, Wnt3a plays a particularly important role in 

the coordination of the many developmental events that are necessary for proper posterior 

development. Wnt3a functions at the top of an interacting transcriptional network of genes 

that starts with the induction of the transcription factors T and Tbx6, both of which play 

central roles in integrating the inputs from multiple signaling pathways. Wnt3a subsequently 

activates numerous other developmental regulator genes in cooperation with T and Tbx6. 

Although significant progress has been made in the identification of direct and indirect 

target genes of the Wnt3a/β-catenin pathway, relatively little is known about how these 

molecular targets control cellular behavior. Recently, Wnts have emerged as important 

homeostatic regulators of adult tissues, stimulating the self-renewal of hematopoietic, skin, 

and gastrointestinal stem cells (1, 2). Genetic mutations that cause aberrant activation of 

Wnt/β-catenin signaling lead to hematopoietic and gastrointestinal malignancies, suggesting 

that these cancers arise from the co-opting of normal, physiological regulators of stem 

cell self-renewal. It stands to reason then that achieving a mechanistic understanding 

of Wnt/β-catenin signaling in normal embryonic and adult tissues will provide valuable 

insights into the formation of cancers caused by dysregulated Wnt signaling. Future studies 

addressing how Wnt/β-catenin signals and their target genes elicit mesoderm progenitors 

from pluripotent epiblast stem cells during gastrulation will be particularly enlightening in 

this regard.
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Fig. 23.1. 
Perimplantation and postimplantation stages of mammalian development. Schematic 

diagrams illustrating perimplantation (4.5 days post-coitum (dpc)) and postimplantation (5.5 

dpc onward) mouse embryos. The dashed line overlying the 5.5-dpc embryo demarcates 

the extraembryonic ectoderm above, from the contiguous epiblast below. Please see the 

text for details. PE, primitive endoderm; TE, trophectoderm; ICM, inner cell mass; Epc, 

ectoplacental cone; EE, extraembryonic ectoderm; VE, visceral endoderm; DVE, distal 

visceral endoderm; AVE, anterior visceral endoderm; PS, primitive streak.
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Fig. 23.2. 
Expression of Wnt genes and β-catenin/Tcf–lacZ reporter transgenes during gastrulation. 

Whole-mount in situ hybridization demonstrates that the expression of Wnt2b, Wnt3a, 

Wnt5a, Wnt5b, Wnt8, and Wnt11 is posteriorly localized and largely centered on the 

primitive streak. The expression of the BATlacZ and TOPgal reporters indicate that the 

Wnt/β-catenin signaling pathway is active in the primitive streak.
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