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Introduction The Wnt pathway is a complex signal transduction pathway triggered by secreted ligands of the Wnt family, named after its two original members, the products of the wingless gene from Drosophila melanogaster and the mammalian gene Int-1 (now known as Wnt-1). Wnt signaling is involved in many different embryonic processes, including the fundamental pattern-forming stages that establish the nervous system in insects and vertebrates. Many of the components of the these developmental pathways were first identified in Drosophila and in the African clawed frog Xenopus laevis and have since been extrapolated to other organisms, including mammals. Wnt signaling is also involved in many later processes in the nervous system, including synaptic specialization, microtubule dynamics, synaptic protein organization, modulating synaptic efficacy, and regulating neuronal gene expression. There are at least 20 distinct Wnt genes in vertebrates, organized into 12 conserved subfamilies. Not all vertebrates have orthologs of all members of the Wnt family. At the time of writing, 19 Wnt genes have been found in humans and mice and 16 in Xenopus. Only six of the vertebrate Wnt subfamilies have counterparts in Drosophila, while at least 11 are present in sea anemones, indicating selective evolutionary loss of different Wnt classes during the branching of the animal lineage. The vertebrate Wnt proteins can be grouped by biological activity using functional assays. The overexpression of some Wnt proteins induces secondary axis formation in early Xenopus embryos and transforms C57MG mammary epithelial cells, while other Wnt proteins do not act in this way and can even antagonize the transforming Wnt proteins, hinting at the existence of different, competing signaling pathways. Currently, five different pathways are known to be activated by Wnt proteins: a canonical Wnt/b-catenin cascade, a divergent canonical pathway involved in synapse modeling and axon growth, the noncanonical planar cell polarity (PCP) pathway, the Ca2þ pathway (which is involved in the control of cell migration), and a microtubule-dependent pathway.



Secretion of the Wnt Protein Wnt proteins are secreted from the cell and therefore carry an N-terminal signal sequence targeting them for cotranslational import into the endoplasmic reticulum.



During their journey through the secretory pathway, they undergo several forms of posttranslational modification, including N-linked glycosylation and palmitoylation of specific cysteine residues. Not all Wnt proteins undergo both types of modification, but when palmitoylation occurs the added lipid moiety appears essential for Wnt function. The presence of a lipid group also makes the Wnt protein hydrophobic and insoluble, which contributes to the difficulty in purifying many Wnt proteins from cell culture media. In Drosophila, the product of the porcupine gene is required for Wnt palmitoylation and has been identified as an acyltransferase. Another gene, wntless, encodes a transmembrane protein which co-localizes with the Wingless protein inside the cell and is required for trafficking through the Golgi apparatus. Vertebrate orthologs of both proteins have been identified. One of the main characteristics of Wnt proteins is their ability to function as developmental morphogens – that is, molecules that establish long-range concentration gradients that enable them to influence cell fates differently, according to the cell’s position along the gradient. It has been unclear how Wnt proteins achieve such a gradient given their poor solubility, although it has been proposed that the proteins remain tethered to the plasma membrane, or to intercellular transport vesicles or lipoprotein particles. Alternatively, Wnt proteins may travel along cytonemes, which are long, thin filopodial processes that can bridge several cells. A further possibility is that extracellular heparan sulfate proteoglycans (HSPGs) may be involved in the transport of Wnt proteins and the establishment of morphogen gradients. As soon as they are secreted, Wnt proteins interact with glycosaminoglycans in the extracellular matrix and bind tightly to the cell surface, another factor which makes them difficult to isolate in cell culture. In Drosophila, the Wingless protein is found in specialized membrane vesicles called argosomes that are thought to be derived from lipid raft microdomains, and the incorporation of the protein into these vesicles requires HSPGs. Mutations in genes such as dally, which encodes components of this HSPG system, cause phenotypes similar to those resulting from mutations in wingless. Six HSPGs have been identified in vertebrates, and mouse knockouts confirm that Wnt signaling is disrupted in such animals.



Canonical Pathway – Wnt Receptors and Alternative Ligands Wnt proteins bind to the cysteine-rich extracellular domain of seven-pass transmembrane receptors of the
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Canonical Pathway – Events in the Cytosol The formation of a stable Wnt/Fz/LRP complex facilitates the phosphorylation and activation of a cytosolic protein called Dsh (from the Drosophila gene



disheveled), which interacts with the cytosolic face of the complex. The activated Dsh protein is then able to disrupt a so-called destruction complex comprising three additional proteins: glycogen synthase kinase-3 (GSK-3), axin, and adenomatous polyposis coli (APC) protein. In the absence of activated Dsh, these three proteins would normally phosphorylate b-catenin, leading to its ubiquitinylation and proteasomal degradation. When the destruction complex is disassembled, b-catenin is stabilized and some of it can be imported into the nucleus, where it interacts with transcription factors of the T cell factor/lymphoid enhancer factor (TCF/LEF) family to activate the transcription of target genes (Figure 1). The receptor complex Wnt/Fz/LRP interacts not only with Dsh but also with axin, one of the components of the destruction complex. Axin is the scaffold for the destruction complex, so all of the other components bind directly to it. The interaction between axin and the cytoplasmic tail of LRP is mediated by direct contacts with phosphorylated residues. Axin will not interact productively with LRP unless the tail is phosphorylated on multiple serine/threonine residues, and phosphorylation occurs only when Wnt binds to the receptor complex. The phosphorylation of these residues is carried out by GSK-3 and another kinase called caseine kinase I (CKI), which is also anchored to the Wnt
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Frizzled (Fz) family, named after the founder member identified in Drosophila. There are at least four Fz family genes in Drosophila and at least ten in vertebrates, but the complexity of signaling is much greater since different Wnt proteins can interact with more than one receptor and different Fz proteins can bind more than one ligand. Promiscuous as it is, the interaction between Wnt and Fz requires a number of additional factors, including a membrane-bound protein encoded by the arrow gene in Drosophila, and represented by two homologous lipoprotein receptor-related proteins (LRPs) called LRP5 and LRP6 in vertebrates. Wnt proteins can bind directly to LRPs and there is evidence that Wnt, Fz, and LRP form a ternary complex. Delivery of the Arrow protein depends on the presence of a molecular chaperone encoded by the boca gene, and in vertebrates this function is fulfilled by the homologous mesoderm development (Mesd) protein. Mutations in arrow/Lrp genes and in boca/Mesd result in phenotypes similar to those of wingless/wnt mutants. The Fz/LRP receptor complex interacts not only with Wnt proteins, but also with alternative ligands that can act as agonists or antagonists to Wnt signaling. An example is Norrin, which binds to Fz4/LRP5. This is a cysteine knot protein identified through investigation of the human developmental disorder Norrie disease, which is characterized by major eye vascular defects. Another example is the family of proteins known as R-spondins. In Xenopus, R-spondin-2 is a Wnt agonist that synergizes with Wnt signaling to activate b-catenin in muscle development. In contrast, proteins of the Dickkopf family inhibit Wnt signaling by sequestering LRP5/LRP6 and then cross-linking them to an unrelated class of transmembrane proteins known as Kremens, thus promoting internalization. The sclerosteosis-associated SOST/sclerostin family of Wnt antagonists also acts by sequestering LRP5/LRP6. The soluble Frizzled-related proteins (SFRPs) are also Wnt antagonists, but these work by sequestering the Wnt proteins. This is possible because the SFRPs contain cysteine-rich domains that mimic the genuine Fz protein. They may either bind Wnt proteins in isolation, or form inactive complexes along with Fz. However, certain combinations can promote rather than inhibit Wnt signaling, perhaps by stabilizing the Wnt signal in a manner that preserves its ability to interact productively with Fz/LRP.



b-Catenin



GSK-3b



P LEF/TCF



Nucleus



Proteasome



Figure 1 The canonical Wnt signaling pathway involving the destruction complex of axin, adenomatous polyposis coli (APC) protein, and glycogen synthase kinase-3b (GSK-3b), and the nuclear import of b-catenin. Fz, Frizzled; LRP, lipoprotein receptor-related protein; Dvl, Disheveled; Frat, ‘frequently rearranged in advanced T-cell lymphoma’; LEF/TCF, lymphoid enhancer factor/T cell factor. Reproduced from Speese SD and Budnik V (2007) Wnts: Up- and-coming at the synapse. Trends in Neuroscience 30: 268–275, with permission from Elsevier.
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plasma membrane. These two kinases phosphorylate different sets of serine/threonine residues on the LRP tail and both are required for transduction of the Wnt signal. The remaining component of the complex, APC protein, is an essential protein, but its precise role is unclear. It has been proposed that APC protein is required for efficient shuttling and loading/unloading of b-catenin onto the cytoplasmic destruction complex. Both APC protein and axin can be phosphorylated by their associated kinases, changing their affinity for other components of the destruction complex. In the absence of Wnt, b-catenin is phosphorylated by CKI and GSK-3, and in its phosphorylated state it can be recognized by a transducin repeat-containing protein (b-TrCP), a component of a dedicated E3 ubiquitin ligase complex. The b-catenin protein is thus ubiquitinated and destroyed by the proteasome. In the presence of Wnt, the kinase activity of CKI and GSK-3 is inhibited, and b-catenin is able to translocate into the nucleus. Certain protein phosphatases may antagonize CKI and GSK-3, thereby promoting b-catenin stability.



Canonical Pathway – Events in the Nucleus It is presently unclear how b-catenin is imported into the nucleus, although the process is dependent on a nuclear localization signal and b-catenin has been shown to interact with nuclear pore components. It is possible that b-catenin may shuttle from nucleus to cytoplasm in concert with axin and/or APC protein, and may be retained in the nucleus by associating with anchor proteins such as Pygopus. The role of b-catenin in the nucleus is to interact with transcription factors in the TCF/LEF family and prevent the formation of a repressive complex with proteins of the Groucho family via physical displacement. The TCF/LEF family is represented by a single protein in Drosophila and four paralogs in vertebrates. The replacement of Groucho with b-catenin facilitates TCF/LEF binding to the minor groove of DNA at highly conserved target sites characterized by the presence of purines on one strand and pyrimidines on the other. The binding results in the introduction of a tight kink into the DNA backbone, and allows b-catenin to bind to chromatin components such as Brahma-related gene 1 (Brg-1) protein – part of the mating-type switch/sucrose nonfermenting (SWI/ SNF) chromatin remodeling complex – and histone acetylase cAMP response element-binding (CREB)binding protein (CBP), to promote transcriptional initiation. TCF/LEF is also regulated via other pathways, and phosphorylation via the activation of mitogenactivated protein (MAP) kinase reduces its affinity for b-catenin.



The Canonical Pathway in Xenopus Axis Specification Wnt signaling is critical for the establishment of dorsoventral polarity in the early Xenopus embryo and for laying down of the primitive anteroposterior neuraxis. The dorsal side of the embryo gives rise to a structure called the organizer, through which cells migrate to establish the anteroposterior axis. In 1989, McMahon and Moon injected mouse Wnt-1 mRNA into the ventral blastomeres of a four-cell Xenopus blastula and generated an embryo with two organizers, which developed into tadpoles with a duplicated body axis. Axis duplication was also induced by Dsh, b-catenin, and a dominant-negative version of GSK-3. In normal Xenopus development, the Wnt pathway is activated opposite the site of sperm entry in what becomes the future dorsal side of the embryo following cortical rotation after fertilization. It is thought that maternal Dsh protein, initially located in the vegetal region of the egg, is translocated by cortical rotation to a discrete zone of the fertilized egg, where it stabilizes b-catenin. As the embryo undergoes cleavage, cells incorporating this b-catenin-enriched cytosol activate specific genes, leading to the formation of a structure called the Nieuwkoop center, which induces the formation of the organizer in the overlying mesoderm. The ventral injection of Wnt, Dsh, b-catenin, or an inhibitory form of GSK-3 artificially activates the same genes, resulting in the formation of a duplicate organizer. Wnt signaling is also important for the establishment of anteroposterior polarity in the neuroectoderm. The organizer expresses several Wnt antagonists, such as those encoded by dickkopf-1, cerberus, and frzb-1, while several Wnt proteins are expressed in the remainder of the embryo. Injection of mRNA for the antagonists leads to enlarged head development, whereas injection of wnt mRNA at this developmental stage inhibits neural induction and head induction. Although long elusive, the specific Wnt signal that triggers axis induction in Xenopus was identified as Wnt11 in 2005.



Wnt Signaling in Synapse Development – Divergent Pathways and Diverse Mechanisms A number of Wnt proteins and their downstream signaling components are expressed in the developing synapse, and investigations in Drosophila, Xenopus, and mammals have revealed a previously unknown and surprisingly diverse range of signaling pathways activated by Wnt proteins. To further add to the
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complexity, it appears that the same Wnt proteins can activate different downstream pathways in different parts of the central nervous system (CNS) and that different Wnt proteins can activate the same pathway in a given region of the CNS, providing scope for functional redundancy. Perhaps most exciting of all, the prominent roles of Wnt proteins in synapse formation appear to involve retrograde signaling, but there is also evidence that Wnt proteins can act as anterograde or autocrine signals. In the mammalian CNS, various Wnt proteins are expressed during synapse development, including Wnt-3 in Purkinje cells and motor neurons, and Wnt-7a in cerebellar granule cells. These Wnt proteins can regulate axonal remodeling and presynaptic differentiation retrogradely, and do so by influencing the architecture of the cytoskeleton. For example, the addition of Wnt-7a proteins to cerebellar granule cells in culture can increase axonal branching and the clustering of synaptic vesicle proteins, and wnt7a knockout mice show transiently decreased axonal complexity and limited synapsin I levels. Wnt-3 is also expressed in motor neurons during synapse formation with sensory neurons, and increasing the levels of this protein results in growth cone enlargement, increased axonal branching, and increased clustering of synapsin I. Investigation of the role of Wnt proteins in axonal remodeling has shown that a divergent form of the
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Figure 2 The divergent canonical pathway with no b-catenin and regulation of microtubule (MT) organization by the destruction complex through phosphorylation of microtubule-associated proteins 1 B (MAP1B). Fz, Frizzled; Dvl, Disheveled; APC, adenomatous polyposis coli protein; GSK-3b, glycogen synthase kinase-3b. Reproduced from Speese SD and Budnik V (2007) Wnts: Up- and-coming at the synapse. Trends in Neuroscience 30: 268–275, with permission from Elsevier.



canonical pathway is involved (Figure 2). Some of the components are familiar (GSK-3, the Disheveled family protein Dvl1, and axin), while a significant role is also played by the microtubule-associated protein MAP1B. The phosphorylation of MAP1B by GSK-3 alters its affinity for microtubules and facilitates the regulation of microtubule dynamics. Wnt signaling reduces the availability of phosphorylated MAP1B and increases microtubule stability, a process mimicked by the ectopic expression of Dvl1, which is also known to be physically associated with microtubules. Therefore, it appears that Dvl1 antagonizes the effect of GSK-mediated destabilization. These effects are independent of b-catenin (i.e., the divergent canonical pathway acts directly upon the structural elements of the axons without requiring new gene expression). A further manifestation of the Wnt signaling pathway has been identified in the hippocampus, where Wnt-7b is expressed during dendrite maturation. Experiments have shown that Wnt and Dvl1 can each increase dendritic complexity, and dvl1 knockout mice have fewer dendritic branches. The key difference between this and the canonical pathways described earlier is that the pathways operate independently of both b-catenin and GSK-3. Instead, the Wnt/Fz/LRP complex acts through a c-Jun N-terminal kinase (JNK) signaling protein to affect cytoskeletal architecture, using the small GTPase Rac, and to regulate both actin and microtubule dynamics, in a manner similar to the planar cell polarity signaling pathway in Drosophila (Figure 3(a)). Although Wnt proteins appear to function as retrograde signals to regulate the differentiation of the presynaptic compartment, there is also evidence that they might operate as anterograde or even an autocrine signals to modulate postsynaptic differentiation. Studies of the Drosophila neuromuscular junction show that Wingless is secreted by presynaptic boutons, and the receptor Fz2 is localized in both presynaptic and postsynaptic compartments. The release of Wingless from synaptic boutons initiates an anterograde signaling cascade, which involves yet another divergent signaling pathway in which the receptor is internalized, cleaved, and trandslocated into the nucleus in a manner dependent on the Drosophila homolog of the mammalian glutamate receptor-interacting protein (dGRIP), well known for its role in a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor and ephrin B receptor trafficking in mammals. Postsynaptic disruption of the so-called Frizzled nuclear import (FNI) pathway (Figure 3(b)) alters the development of both presynaptic and postsynaptic specializations, suggesting that anterograde Wingless signaling might trigger
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Figure 3 Three b-catenin-independent pathways: (a) planar cell polarity, (b) Frizzled nuclear import, and (c) Ca2þ. Fz, Frizzled; Dvl, Disheveled; JNK, c-Jun N-terminal kinase; dGRIP, Drosophila homolog of the mammalian glutamate receptor-interacting protein; PKC, protein kinase C; CaMKII, Ca2þ/calmodulin-dependent protein kinase II; NF-AT, nuclear factor of activated T cells. Reproduced from Speese SD and Budnik V (2007) Wnts: Up- and-coming at the synapse. Trends in Neuroscience 30: 268–275, with permission from Elsevier.



further retrograde signals or even an autocrine loop to regulate presynaptic differentiation. Similar roles for Wnt proteins in postsynaptic development have been identified in vertebrates; for example, the regulation of acetylcholine receptor clustering by agrin and by muscle-specific receptor tyrosine kinase (MuSK) has been identified, the latter of which has now been shown to interact with Dvl1, linking this regulation to the Wnt pathway. However, since agrin has no effect on b-catenin accumulation, it appears that the canonical pathway is not triggered.



Wnt Signaling and Ca2þ A further b-catenin-independent Wnt signaling pathway has been identified that modulates cell movements (e.g., during embryonic gastrulation), and it also plays a role in the definition of cell fate. In this pathway, the binding of Wnt to Fz/LRP leads to an increase in intracellular Ca2þ concentration and nuclear import of the transcription factor NF-AT (nuclear factor of activated T cells; Figure 3(c)). The mechanism depends on the ability of specific combinations of Wnt and Fz proteins to activate Ca2þ/calmodulindependent kinase II (CaMKII) and protein kinase C (PKC). Some Fz proteins also have the ability to activate phospholipase C (PLC) and phosphodiesterase (PDE), acting through heterotrimeric GTP-binding proteins. The ability of different Wnt ligands to activate the b-catenin and Ca2þ pathways may reflect the preferences of different Fz proteins (e.g., rat Fz1 does not increase Ca2þ release or stimulate CaMKII or PKC in zebra fish embryos, whereas Fz2 does) and preferences for different coreceptors (e.g., LRP-5/LRP6 stimulates the b-catenin pathway,



whereas alternative coreceptors such as Knypek and Ror2 stimulate the Ca2þ pathway).



Summary Wnt signaling plays a pivotal role in the development and function of the nervous system, being required to establish the major body axes and compartment polarity in vertebrate and insect embryos, orchestrating cell migration, polarity, and fate, and controlling synaptic bouton development, axonal growth cone remodeling, and dendrite maturation, as well as a host of other processes. The canonical signaling pathway (Figure 1) involves the protection and subsequent nuclear import of b-catenin (Armadillo in Drosophila), although there is a divergent pathway, using many of the same components, that is b-catenin independent and acts directly on the organization of microtubules (Figure 2). There are also at least three pathways which involve Ca2þ as a second messenger, one involving the activation of CaMKII and protein kinase C, one involving the recruitment of heterotrimeric GTP-binding proteins to activate phospholipase C and phosphodiesterase, and, finally, one involving the planar cell polarity pathway, which signals through JNK (Figure 3). The particular pathways activated in any given cell, and their consequences, reflect the availability and abundance of different pathway components, particularly the Wnt ligands and Fz receptors and coreceptors, which all impact on the downstream events. See also: Dendrite Development, Synapse Formation and



Elimination; Forebrain: Early Development; Morphogens: History; Neural Patterning: Midbrain–Hindbrain Boundary; Sonic Hedgehog and Neural Patterning.
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