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Abstract
The canonical Wnt/β-catenin pathway is an ancient and evolutionarily conserved signaling
pathway that is required for the proper development of all metazoans, from the basal demosponge
Amphimedon queenslandica to humans. Misregulation of Wnt signaling is implicated in many
human diseases, making this pathway an intense area of research in industry as well as academia.
In this review, we explore our current understanding of the molecular steps involved in the
transduction of a Wnt signal. We will focus on how the critical Wnt pathway component, β-
catenin, is in a “futile cycle” of constant synthesis and degradation and how this cycle is disrupted
upon pathway activation. We describe the role of the Wnt pathway in major human cancers and in
the control of stem cell self-renewal in the developing organism and in adults. Finally, we describe
well-accepted criteria that have been proposed as evidence for the involvement of a molecule in
regulating the canonical Wnt pathway.
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Introduction
Wnt signaling plays a fundamental role in the determination of cell fate, proliferation,
polarity, and cell death during embryonic development, as well as in tissue homeostasis in
adults. The Wnt pathway, named for its ligands, the Wnt family of secreted glycoproteins,
was discovered more than 30 years ago, and the historical events that led to the discovery
and naming of Wnt ligands highlight its importance in development and in human disease.
In 1976, Sharma and Chopra described a Drosophila melanogaster mutant that exhibited
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reduced or absent wings and halteres (Sharma and Chopra 1976). Based on the mutant
phenotype, they named this locus wingless (wg) and suggested that it played an important
role in development. A few years later, Nusse and Varmus conducted a forward genetic
screen to identify genes in mice that could lead to tumorigenesis (Nusse et al. 1984). Using
mouse mammary tumor virus (MMTV) insertion sites, they identified a locus termed int-1,
short for integration 1, which induced mouse mammary tumors. Comparative genomic
studies revealed that wg and int-1 were homologs, and the names were merged into the
mnemonic Wnt (Nusse et al. 1991). Overexpression of int-1 in Xenopus embryos induced
the formation of an ectopic axis, demonstrating that it not only acts as an oncogene but also
plays a critical role in early axis specification (McMahon and Moon 1989a,b). These studies
collectively drew an implicit connection between the physiological role for Wnts in
development and a potential pathophysiological role in carcinogenesis.

Forward genetic studies in Drosophila have been crucial in identifying Wnt pathway
components. In 1980, Eric Wieschaus and Christiane Nusslein-Volhard identified a series of
Drosophila mutants that controlled patterning of the early embryo (Nusslein-Volhard and
Wieschaus 1980). This work was a watershed moment in developmental biology, for which
they were awarded a Nobel Prize in 1995. The 15-year period after their initial publication
produced a number of genetic and molecular studies that elucidated the role of these mutants
within various signaling pathways and resulted in the discovery of key members of the Wnt
pathway, including armadillo (the vertebrate homolog of β-catenin), dishevelled, shaggy
(the vertebrate version of glycogen synthase kinase 3 or GSK3), frizzled, and arrow
(Riggleman et al. 1989, 1990; Siegfried et al. 1992; Klingensmith et al. 1994; Bhanot et al.
1996; Wehrli et al. 2000).

The activation of the Wnt signaling pathway on the future dorsal side of the early Xenopus
embryo is a critical event in the formation of the Spemann organizer, a tissue-organizing
center found in vertebrates (Spemann and Mangold 1938). The role of Wnt in organizer
formation was uncovered when mRNA of Wnt-1 and Xwnt8 was injected into Xenopus
blastomeres. Ectopic activation of Wnt signaling on the future ventral side of the embryo
was shown to induce a second organizer that coordinates the formation of a complete
secondary body axis (Smith and Harland 1991; Sokol et al. 1991). Embryonic axis
duplication was also found to be induced by overexpression of positive downstream
components of the pathway (i.e. Dishevelled (Dsh) and β-catenin) or by inhibiting negative
components of the pathway (i.e. inhibiting GSK3 activity or overexpressing dominant-
negative Axin) (Dominguez et al. 1995; Guger and Gumbiner 1995; He et al. 1995; Sokol et
al. 1995; Fagotto et al. 1999). To date, all major members of the Wnt pathway have been
shown to be active in the Xenopus axis specification studies, and this assay represents a
powerful tool to validate candidate genes as bona fide activators or inhibitors of Wnt
signaling in vertebrates.

Numerous genetic and environmental perturbations of the Wnt pathway can lead to a variety
of human diseases, ranging from birth defects to cancers [reviewed in MacDonald et al.
(2009)]. One well-established connection between the Wnt pathway and human disease is a
genetic lesion that occurs early in the onset of colon cancer. In 1991, a germline mutation in
the Wnt pathway component adenomatous polyposis coli (APC) was identified in patients
with familial adenomatous polyposis (FAP), a form of hereditary cancer (Kinzler et al. 1991;
Nishisho et al. 1991). FAP patients inherit one defective allele of APC, and upon stochastic
loss of the second allele develop colon adenomas (polyps) at an early age. These benign
polyps frequently acquire other mutations and develop into invasive colon carcinomas. Later
studies showed that loss of both APC alleles occurs in the large majority (>80%) of
nonhereditary, sporadic colorectal cancers as well (Kinzler and Vogelstein 1996). Following
this work, inappropriate activation of Wnt signaling was subsequently found in other
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cancers, including liver cancer, skin cancer, lung cancer, Wilms’ tumor, prostate cancer, and
breast cancer [reviewed in Klaus and Birchmeier (2008); Table I]. A variety of
developmental genetic defects were also shown to occur as a result of Wnt pathway
misregulation, including defects in limb formation (tetra-amelia), bone ossification, eye
vascularization, and tooth development (Gong et al. 2001; Boyden et al. 2002; Lammi et al.
2004; Niemann et al. 2004; Toomes et al. 2004; Xu et al. 2004b). Understanding the basis of
the numerous human diseases resulting from misregulation of Wnt signaling and designing
therapies for their treatment obviously require a detailed understanding of the molecular
mechanism of the Wnt pathway.

The current model of the Wnt pathway
Wnt signals can direct a wide variety of cellular responses in development, physiology, and
disease. Originally, it was thought that a variety of cellular responses to Wnt signaling were
mediated by the different transcriptional targets modulated in different cellular contexts.
This original model, in which Wnt signaling alters transcription, is referred to as “canonical”
Wnt signaling. It is now widely accepted that Wnt signaling can also activate distinct
pathways that do not involve the nucleus or transcription, but rather signals cytoplasmic
changes involving the actin cytoskeleton and intracellular calcium stores. These non-
transcriptional Wnt pathways are loosely known as noncanonical Wnt signaling. Some
aspects of these alternative modes of Wnt signaling occur via tyrosine kinase receptors
(ROR and RYK receptors; Nusse 2008). Noncanonical Wnt signaling is outside the scope of
this review, and the reader is referred to several reviews on the topic (Simons and Mlodzik
2008; Lai et al. 2009). Recent studies have questioned the simplicity of even a two-pathway
response (van Amerongen et al. 2008). For clarity, we will use the term Wnt/β-catenin
signaling to identify what has been commonly referred to as “canonical” signaling. This
nomenclature specifies the ligand (Wnt) and the essential downstream transcriptional
effector (β-catenin).

Wnt/β-catenin signal transduction, at its simplest, is a pathway that results in the
cytoplasmic protein β-catenin entering the nucleus to modulate transcription. When the
pathway is not activated, β-catenin is subject to a “futile cycle” of continual synthesis and
destruction by the β-catenin destruction complex, comprised of the scaffold proteins Axin
and APC and the kinases GSK3 and casein kinase 1 (CK1) (Figure 1). Wnt signaling
removes APC from the complex and relocalizes the other components to the plasma
membrane via the adaptor Dsh, thus stabilizing β-catenin which enters the nucleus to
mediate transcription (Figure 1). Thus, Wnt/β-catenin signaling can be divided into three
general molecular events: (1) surface receptor activation, (2) inhibition of the β-catenin
destruction complex, and (3) activation of a Wnt-specific nuclear transcriptional complex.
The next sections of this review consider each of these steps more closely.

Step 1: Surface receptor activation
Wnt ligands—Wnt proteins are cysteine-rich morphogens of ~350–400 amino acids that
can act in short- and long-range signaling. There are 19 vertebrate Wnts, and all appear to be
able to activate the pathway. The crystal structure of Xenopus Wnt8 (XWnt8) bound to the
cysteine-rich domain (CRD) of the mouse Frizzled (Fz) 8 receptor has been solved to 3.25
Å. The Wnt8 structure is bilobular with an N-terminal helical domain and a C-terminal
extended β-hairpin stabilized by extensive disulfide bonds. Interactions between XWnt8 and
Fz8 occur via extensions from each lobe (“thumb” and “finger”) to grasp the CRD of Fz8 on
two distinct sites (Janda et al. 2012). All Wnts contain an N-terminal signal peptide for
secretion and are N-linked glycosylated (Smolich et al. 1993; Willert et al. 2003; Takada et
al. 2006; Komekado et al. 2007a). N-glycosylation of Wg (Drosophila Wnt homolog) has
been shown to be stimulated by lipid modifications (Tanaka et al. 2002). Although an early
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study suggests that glycosylation is dispensable for Wnt secretion and activity (Mason et al.
1992), more recent studies demonstrate that mutating the glycosylation sites on Wnts blocks
their secretion (Komekado et al. 2007b; Kurayoshi et al. 2007).

Wnts contain several charged amino acids and undergo a series of lipid modifications that
affect their activity and secretion (Bradley and Brown 1990). Wnts have been shown to
undergo acylation at Cys77 and Ser209 with palmitate and palmitoleate, respectively
(Willert et al. 2003; Takada et al. 2006). Interestingly, the co-crystal structure of XWnt8–
Fz8 CRD indicates that Cys77 is engaged in disulfide bonding, whereas Ser209 is acylated
(likely palmitoleic acid). The palmitoleic acid lipid group was shown to dock within a
hydrophobic groove on the CRD of Fz8 and, thus, plays a direct role in Wnt–Fz interaction
(Janda et al. 2012).

The endoplasmic reticulum (ER)-embedded, multi-pass transmembrane O-acetyltransferase
protein Porcupine (Porc) is the enzyme that mediates lipid modifications of Wnt
(MacDonald et al. 2009; Port and Basler 2010). Porc was initially identified in Drosophila as
a segment polarity gene and was the first gene shown to be required in Wnt-secreting cells
(van den Heuvel et al. 1993). Loss of Porc function causes Wnts to accumulate in the ER
(van den Heuvel et al. 1993; Kadowaki et al. 1996), whereas Porc over-expression results in
a larger fraction of Wnts that are modified by lipids (Galli et al. 2007). It is not clear
whether Porc is directly responsible for palmitoylation on Cys77 and Ser209 of Wnts or
whether other acetyltransferases are involved. Modified Wnts are translocated from the ER
to the Golgi apparatus in a process mediated by the p24 protein family (Buechling et al.
2011; Port et al. 2011). Once in the trans-Golgi network, the seven-pass transmembrane
protein Wntless (Wls) is thought to provide further transport of Wnts to the plasma
membrane for release outside the cell (Port and Basler 2010). Consistent with the necessary
role of Wls in Wnt signaling, loss of Wls resembles a Wnt loss-of-function phenotype
(Bänziger et al. 2006). Wls has been shown to bind Wnts at the conserved palmitoylated
Ser209, explaining the accumulation of Wnts in the ER of Porc mutants (Herr and Basler
2011). Wls is recycled from the plasma membrane via a multiprotein complex called the
retromer. The retromer is responsible for routing Wls into a retrograde pathway that
transports transmembrane proteins from endosomes back to the trans-Golgi network
(Coudreuse et al. 2006; Port and Basler 2010). In the absence of the retromer complex, Wls
is trapped in endosomes and subsequently degraded (Yang et al. 2008). This requirement of
the retromer for Wnt signaling can be bypassed by providing additional Wls (Franch-Marro
et al. 2008; Port et al. 2008), further confirming the role of the retromer in Wnt secretion via
its regulation of Wls (Figure 2).

Wnt extracellular transport—Several mechanisms have been proposed for how Wnt
ligands traverse the extracellular space to bind their target cells. It is possible that these
mechanisms are tissue specific and influenced by the extracellular environment in which the
cell resides (Port and Basler 2010). The mechanisms underlying the graded distribution of
extracellular Wnt/Wg ligands have been best delineated in Drosophila wing discs, where a
gradient of Wg protein patterns the boundary between the developing dorsal and ventral
wing surfaces. These studies suggest a restricted diffusion model. In this model, Wg diffuses
across cells extracellularly while interacting with receptors and cell-surface heparan sulfate
proteoglycans (HSPGs), which act generally as positive regulators of Wg signaling (Strigini
and Cohen 2000; Baeg et al. 2004; Han et al. 2005; reviewed in Yan and Lin 2009). HSPGs
are comprised of a protein core decorated with long glycosaminoglycan (GAG) chains
[reviewed in Hacker et al. (2005)]. The importance of GAG chains of HSPGs has been
demonstrated by studies showing that when enzymes involved in heparan sulfate synthesis
are mutated, extracellular Wg does not accumulate and Wg signaling is reduced (Binari et
al. 1997; Hacker et al. 1997; Haerry et al. 1997; Lin and Perrimon 1999; Han et al. 2004;

SAITO-DIAZ et al. Page 4

Growth Factors. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Takei et al. 2004; reviewed in Lin (2004). The HSPGs most studied as modulators of
morphogen activity are glypicans, which are anchored to the cell surface by a
glycosylphosphatidylinositol (GPI) anchor. There are two glypicans in Drosophila, known
as division abnormally delayed (Dally) and Dally-like protein (Dlp), and both bind Wg in
cell culture (Franch-Marro et al. 2005). Dlp overexpression in wing discs leads to
extracellular Wg accumulation, whereas Dally has little effect (Baeg et al. 2001; Franch-
Marro et al. 2005; Han et al. 2005), suggesting that Dlp binds Wg with higher affinity than
Dally. Genetic studies suggest that Dally mainly functions as a co-receptor to present Wg to
the Fz2 receptor (Lin and Perrimon 1999).

In contrast to Dally, Dlp has a more complex influence on Wg signaling. Dlp inhibits Wg
signaling close to the Wg source (short-range Wg signaling) but promotes the range of Wg
signaling distant from the source (long-range Wg signaling) (Kirkpatrick et al. 2004;
Kreuger et al. 2004; Franch-Marro et al. 2005); this biphasic activity of Dlp serves to reduce
the morphogen gradient. Various models have been proposed to explain Dlp’s biphasic
activity. An early model focused on proteolytic cleavage of Dlp by Notum, an α/β-hydrolase
expressed at the Wg source, capable of shedding Dlp at its GPI anchor and releasing it from
the cell surface. One possibility to account for Dlp biphasic activity is that Notum cleavage
converts Dlp into a short-range Wg antagonist (Kreuger et al. 2004). However, in the wing,
neither the ectopic expression nor the loss of Notum alters Dlp levels, suggesting that the
biphasic activity of Dlp is independent of Notum (Han et al. 2005; Gallet et al. 2008). A
more recent model proposes that Dlp mediates transcytosis of Wg from the apical cell
surface to the basolateral surface, where it is spread to the next distal cell, so that Dlp
effectively siphons Wg away from regions of high Wg expression toward distal regions
(Gallet et al. 2008). Another model, based on wing-disc and cell culture studies, suggests
that competition between Dlp and Fz2 for binding Wg at the cell surface is responsible for
the biphasic activity of Dlp (Yan et al. 2009), such that when Wg concentration is high (in
short-range signaling), Dlp sequesters Wg from Fz2, but when Wg concentration is lower (in
long-range signaling), Dlp concentrates Wg in the vicinity of Fz2 to promote signaling.

In Drosophila embryos, Wg transport and gradient depend on endocytosis, as the signaling
range is compromised in a shibire (dynamin) endocytic pathway mutant (Bejsovec and
Wieschaus 1995). Endo-cytosis may provide a means to internalize and recycle Wg,
maintaining Wg protein in the cells that secrete it (Pfeiffer et al. 2002). Studies also indicate
that endocytosis of Wg and its subsequent degradation restrict its signaling activities
(Dubois et al. 2001).

Recent studies have revealed other forms of extracellular Wg ligands. In the Drosophila
wing disc, Wg is packed into extracellular lipoprotein particles, which enhances its long-
range signaling capacities (Panakova et al. 2005). Interestingly, lipoprotein particles also
interact with glypicans (Eugster et al. 2007), raising the possibility that glypicans (Dally and
Dlp) and lipoprotein particles act together to regulate Wg movement. Wg has also been
shown to be transported on exosomal vesicles across the synapse of the Drosophila larval
neuromuscular junction; these exosomes also contain Wls, which is required for Wg trans-
synaptic transport (Korkut et al. 2009). Recently, exosomal secretion of Wnts has also been
shown to occur in Drosophila and vertebrate cells, suggesting that it may represent a more
general mechanism for distribution of active Wnt ligands in the extracellular space (Gross et
al. 2012).

HSPGs are conserved from Drosophila to vertebrates. Despite studies confirming the
importance of HSPGs in Wnt signaling in vertebrates including Xenopus (Ohkawara et al.
2003), zebra fish (Topczewski et al. 2001), cell culture (Capurro et al. 2005; Sakane et al.
2012), and rodent models (Song et al. 2005; Filmus et al. 2008), the details and mechanisms

SAITO-DIAZ et al. Page 5

Growth Factors. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



will need to be explored to gain a better understanding of how extracellular Wnt/Wg
gradient is achieved and regulated in different tissue and developmental contexts.

The Fz receptor family—The soluble Wnt ligands bind to members of the Fz (Fz) family
of seven transmembrane domain receptors, which have structural similarities to G-protein-
coupled receptors (GPCRs). Biochemical evidence indicates that Wnts bind to the CRD of
the Fz receptor, and that the affinity of Wnt for Fz is in the low nanomolar range (Bhanot et
al. 1996; Hsieh et al. 1999).

The topological similarities of Fz to GPCRs have led to the suggestion that heterotrimeric G
proteins may be required for Wnt signal transduction, and several studies propose a link
between G proteins and Wnt pathway activation. Genetic studies in Drosophila suggest that
Gαo transduces signaling from Fz, and that Gαo interacts with the scaffold protein Axin to
promote its localization to the plasma membrane (Katanaev et al. 2005; Egger-Adam and
Katanaev 2009). In cultured mammalian cells, depletion of Gαo or Gαq has been shown to
inhibit Wnt signaling, possibly via disruption of GSK3β–Axin complexes (Liu et al. 2005).
More direct evidence for a role of G proteins in Wnt pathway activation comes from
reconstitution studies indicating that Gαo, Gαi2, Gαq, and Gβγ have the capacity to inhibit
both β-catenin phosphorylation by GSK3 and β-catenin turnover in Xenopus egg extract. In
the case of the latter, it was proposed that Gβγ promotes the recruitment of GSK3 to the
plasma membrane to enhance low-density lipoprotein receptor-related protein 6 (LRP6)
phosphorylation and activation (Jernigan et al. 2010). Whether heterotrimeric G proteins are
bona fide mediators of Wnt ligand-mediated signaling, or whether other pathways act
through them to modulate Wnt signaling, remains unclear.

The co-receptor LRP5/6—LRP5 and LRP6 are functionally redundant single-pass
transmembrane receptors that act as co-receptors for Wnt ligands (Pinson et al. 2000; Tamai
et al. 2000; Wehrli et al. 2000). In Drosophila, there is only one family member, Arrow. In
some assays, LRP6 is more potent than LRP5. There are thought to be no qualitative
differences in their mechanism of action in mediating Wnt pathway activation, although they
likely play different roles during development (He et al. 2004; Mi and Johnson 2005).
Biochemical studies of LRP6 indicate that different Wnts may bind to different extracellular
domains of the LRP5/6 protein (Bourhis et al. 2010). Specifically, the LRP6 extracellular
domain contains four repeating sequences of β-propeller and epidermal growth factor-like
(βP–E) domains. The crystal structures of the extracellular LRP6 regions indicate that the
βP–E repeats represent two discrete, compact, rigid structures, each containing two βP–E
pairs. Wnt9b binds the first two βP–E repeats on the extracellular domain of LRP6, whereas
Wnt3a binds the last two βP–E domains (Ahn et al. 2011; Chen et al. 2011; Cheng et al.
2011).

Binding of Wnt ligands to Fz and LRP5/6 results in the production of phosphatidylinositol
(4,5)-bispho-sphate (PIP2) (Pan et al. 2008). Increased PIP2 induces oligomerization and
clustering of LRP5/6. Although hydrodynamic studies suggest that Fz and LRP6
oligomerize and form clusters of “signalosomes” upon Wnt signaling, the in vivo,
physiological significance of such events in Wnt pathway activation remains to be
determined (Cong et al. 2004b; Bilić et al. 2007).

Increased PIP2 also induces recruitment of Axin to LRP5/6. This recruitment may be due, in
part, to the action of Amer1/WTX (APC membrane recruitment 1 or Wilms tumor gene on
the X chromosome), a tumor suppressor mutated in Wilms’ tumor that binds to Axin, CK1γ,
and GSK3. Amer1/WTX is recruited to the plasma membrane in a PIP2-dependent manner
(Major et al. 2007; Tanneberger et al. 2011).
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The interaction between LRP6 and Axin is critical for activation of the Wnt pathway, and
the recruitment of Axin and the associated destruction complex to the plasma membrane
upon Wnt ligand binding initiates a chain of events that leads to the phosphorylation of the
intracellular domain of LRP5/6. This initial recruitment of Axin to LRP6 in a Wnt–Fz-
dependent manner is referred to as the “initiation step” of Wnt pathway activation (Baig-
Lewis et al. 2007).

The LRP5/6 receptor contains five PPPSPxS motifs on its intracellular domain that are
required for signal transmission. Each of these five motifs alone can activate the Wnt/β-
catenin pathway: when transferred to heterologous receptors, the PPPSPxS motif is
sufficient for pathway activation (Tamai et al. 2004; Zeng et al. 2005b; MacDonald et al.
2009). Mutational analyses of these motifs indicate that they act in a cooperative manner to
mediate downstream signaling (MacDonald et al. 2008; Wolf et al. 2008).

The predominant kinases involved in PPPSPxS phosphorylation have been identified as
GSK3 and CK1 (Davidson et al. 2005; Zeng et al. 2005b). Wnt binding to LRP5/6 has been
shown to induce PPPSP phosphorylation by GSK3, and this event primes LRP6 for
subsequent xS phosphorylation by CK1 (Zeng et al. 2005b; Khan et al. 2007b; Pan et al.
2008). Another study, however, suggests that CK1 phosphorylates conserved S/T clusters
outside the PPPSPxS motif, and this phosphorylation primes phosphorylation of LRP6 by
GSK3 (Davidson et al. 2005). Phosphorylated LRP6 has a high affinity for Axin and
promotes further recruitment of cytoplasmic Axin-bound GSK3 complexes to the cell
surface (Mao et al. 2001; Zeng et al. 2008). The recruitment of additional Axin-bound GSK3
complexes further promotes the phosphorylation of additional LRP5/6 PPPSP motifs in a
positive feedback mechanism and has been referred to as the “amplification step” in Wnt
pathway activation (Baig-Lewis et al. 2007). Axin is likely the limiting component of the β-
catenin destruction complex (Lee et al. 2003). Once the Axin-bound β-catenin destruction
complex is recruited by LRP6, the phosphorylated cytoplasmic domain of LRP6 is capable
of directly inhibiting GSK3 activity, blocking β-catenin phosphorylation and subsequent
ubiquitin-mediated proteasomal degradation (Cselenyi et al. 2008; Piao et al. 2008; Wu et al.
2009). The capacity of phosphorylated LRP6 to limit GSK3 activity by direct inhibition
appears to limit the capacity of Axin-bound GSK3 to promote further LRP6 phosphorylation
(amplification step). It is possible that these two events are temporally regulated such that
direct inhibition of GSK3 may be blocked during the amplication step. It goes without
saying that more experiments need to be performed to resolve this relationship between
LRP6/GSK3 amplification and inhibition.

Wnt antagonists and agonists—Several secreted proteins act as agonists or antagonists
of Wnt/β-catenin signaling. For secreted antagonists, there are two general classes of
proteins. One class, including secreted Fz-related proteins (sFRPs) and Wnt inhibitory
factors (WIFs), binds and sequesters Wnt ligands to block their association with Wnt
receptors (Bovolenta et al. 2008). Another class of antagonists, consisting of Dkk1 and
Wise/SOST family members, binds the co-receptor LRP5/6, blocking interaction with Wnt
ligands (Semenov et al. 2001; Mao et al. 2002). Recently, the X-ray crystal structure of the
extracellular region of LRP6 bound to a C-terminal domain of Dkk1 has been solved,
demonstrating that the C-terminal domain of Dkk1 binds to the last two βP–E domains of
LRP6 (Ahn et al. 2011; Cheng et al. 2011). These studies, along with biochemical analyses
demonstrating that the N-terminal domain of Dkk1 binds to the first two βP–E domains,
provide a structural basis for the broad and potent inhibition of ligand-mediated Wnt
signaling by Dkk1 (Bourhis et al. 2010; Ahn et al. 2011). In addition to these extracellular
antagonists of Wnt signaling, the Shisa proteins have been shown to trap Fz proteins in the
ER and prevent them from reaching the cell surface. Shisa proteins, however, are not
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specific to Wnt regulation and regulate intracellular trafficking of fibroblast growth factor
receptors as well (Yamamoto et al. 2005).

Non-Wnt agonists include Norrin and R-Spondin (Kazanskaya et al. 2004; Kim et al. 2006;
Nam et al. 2006; Wei et al. 2007). Norrin appears to be an Fz4-specific ligand that, in
complex with LRP5, controls retinal vascular development. Mutations in the Norrin gene,
ndp, lead to familial exudative vitreoretinopathy and Norrie disease, both of which are
associated with retinal hypovascularization (Xu et al. 2004a). The four R-Spondin genes
represent a family of conserved secreted proteins that were initially shown to potentiate the
Wnt pathway and are required for muscle development in Xenopus laevis (Kazanskaya et al.
2004). R-Spondin was subsequently found to be a potent mitogen and to induce rapid
proliferation of intestinal crypts when injected into mice, a phenotype consistent with Wnt/
β-catenin pathway activation (Kim et al. 2005). Consistent with the role of R-Spondins in
colorectal cancer, whole-exome and transcriptome sequencing has identified in-frame
fusions of R-Spondins (RSPO2 and RSPO3), leading to their overexpression in 10% of
colon tumors. Interestingly, these fusions were found in tumors lacking Wnt pathway-
activating mutations in APC or β-catenin. Thus, R-Spondins, similar to APC and β-catenin,
may represent a major driver of colorectal cancer (Seshagiri et al. 2012).

LGR4/5/6 (leucine-rich repeat-containing GPCRs 4, 5, and 6), known as markers for adult
stem cells in the gastrointestinal tract and skin, were shown to be receptors for R-Spondins.
How binding of R-Spondins to LGR4/5/6 potentiates Wnt signaling is not clear (Barker et
al. 2007; Snippert et al. 2010; Carmon et al. 2011; de Lau et al. 2011; Glinka et al. 2011).
Recently, it was shown that the Wnt target genes, RNF43 and ZNRF3, which are related
transmembrane E3 ubiquitin ligases, target Fz receptors and LRP6 for degradation to inhibit
Wnt signaling (Hao et al. 2012; Koo et al. 2012). The mechanism of R-Spondin action in the
Wnt pathway was illuminated by demonstration that ZNRF3 is a receptor for R-Spondin,
and that when complexed with LGR4, ZNRF3 activity is inhibited (Hao et al. 2012). Thus,
the role of R-Spondins appears to stabilize the Wnt receptors, Fz and LRP6, to promote Wnt
signaling.

Recently, the type 1 transmembrane protein, Tiki, was identified in an expression cloning
screening for mRNAs that perturbed axis formation in X. laevis embryos (Zhang et al.
2012). Tiki was shown to be a novel metalloprotease that cleaved the N-terminal 8 amino
acids of mature Wnt proteins. In vitro, Tiki-mediated cleavage of this N-terminal fragment
of Wnts results in the formation of soluble, large oligomeric Wnt complexes due to
oxidation and formation of disulfide bonds. Whether or not formation of these large, inactive
proteolyzed Wnt complexes is the mechanism of action of Tiki in the Wnt pathway in vivo
remains to be elucidated.

The cytoplasmic adaptor Dsh—Dishevelled (Dsh) has long been known to be required
genetically in the Wnt/β-catenin pathway (Klingensmith et al. 1994). In vertebrates, there
are three Dsh isoforms encoded by distinct genes (Dvl1–3) (Sussman et al. 1994; Yang et al.
1996; Semenov and Snyder 1997). Upon Wnt–receptor interaction, Dsh is phosphorylated
and recruited to the cytoplasmic side of the receptor complex (Yanagawa et al. 1995;
Semenov and Snyder 1997; Rothbacher et al. 2000). Several studies suggest that physical
interaction between the Fz receptor and Dsh is important for transduction of the Wnt signal.
Dsh contains three major domains: the DEP, the PDZ, and the DIX domains. Biochemical
and structural studies have implicated both the PDZ and the DIX domains of Dsh in binding
to the Fz receptor (Wong et al. 2000; Wong et al. 2003; Tauriello et al. 2012). Dsh
phosphorylation upon Wnt signaling appears to be independent of LRP6 activation
(Gonzalez-Sancho et al. 2004). Dsh and Axin share DIX domains that can polymerize and
are required for receptor clustering (Schwarz-Romond et al. 2007a). Loss-of-function
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studies show that Dsh acts upstream of LRP6 (Tolwinski et al. 2003). Consistent with this
observation, Dsh has been shown to bind and activate PI4KIIa and PIP5KI to promote the
synthesis of PIP2, which is required to promote oligomerization and clustering of LRP5/6
(Pan et al. 2008). In overexpression studies in Drosophila and Xenopus egg extracts,
however, Dsh has been shown to activate β-catenin signaling independently of Arrow/LRP6
(Salic et al. 2000; Wehrli et al. 2000). Although Caenorhabditis elegans has a Dsh homolog,
it has no obvious LRP5/6 homolog, suggesting that Dsh may play a more central role in
pathway activation in divergent phyla (Phillips and Kimble 2009). The precise involvement
of Dsh in receptor activation and Axin recruitment remains to be determined.

Both the stability and the activity of Dsh appear to be regulated by ubiquitination. Three
ubiquitin ligases, NEDL1 and ITCH of the HECT-type ligase and KLHL12 of the Cullin3-
type ligase, have been implicated in ubiquitinating Dsh to promote its degradation (Miyazaki
et al. 2004; Angers et al. 2006; Wei et al. 2012). One study implicates the Naked2 protein as
a necessary co-factor for Dsh ubiquitination (Hu et al. 2010). Finally, the deubiquitinating
enzyme, CYLD (encoded by the familial cylindromatosis tumor suppressor gene), has been
shown to be a negative regulator of Wnt signaling (Tauriello et al. 2010). CYLD was shown
to remove a regulatory Lys63-linked ubiquitin from Dsh. Thus, ubiquitination of Dsh via
Lys63 linkages appears to be necessary for efficient activation of signaling by Dsh. The
ubiquitin ligase that mediates Lys63-linked ubiquitination of Dsh, however, is still
unknown.

Step 2: Inhibition of the β-catenin destruction complex
The β-catenin destruction complex is a macromolecular machine that efficiently acts to
phosphorylate β-catenin, targeting it for degradation. We will first describe the players
involved in the formation of the β-catenin destruction complex (Figure 1) and follow with
our current understanding of the behavior of the pathway upon receptor activation.

The transcriptional regulator β-catenin—β-Catenin is the primary effector of Wnt
signaling. In the absence of signaling, the destruction complex targets β-catenin for
ubiquitin-mediated proteasome degradation by SCFβ-TRCP, a member of the Skp1-Cullin-F-
box (SCF) E3 ubiquitin ligase complex. In the presence of signaling, β-catenin is spared
destruction and translocates from the cytoplasm to the nucleus to activate signaling.
Although other substrates of the destruction complex have been identified in addition to β-
catenin, their physiological significance is still unclear. β-Catenin was first identified in
Drosophila as the segment polarity gene armadillo and also as a component of the adherens
junction in Xenopus (Nusslein-Volhard and Wieschaus 1980; McCrea et al. 1991). The
structure of β-catenin consists of a central core of 12 helical 42 amino acid armadillo repeats
that form a superhelical structure (Huber et al. 1997). Analysis of full-length β-catenin
protein indicates that the N- and C-terminal domains are unstructured and form dynamic
interactions with the armadillo repeats of the protein (Xing et al. 2008). Notably, the
armadillo repeats form a positively charged groove that mediates the interaction of β-catenin
with other components of the Wnt pathway [e.g. APC, Axin, and T-cell factor (TCF)/LEF]
as well as with E-cadherin (Huber et al. 1997; Graham et al. 2000; Huber and Weis 2001;
Xing et al. 2003; Xing et al. 2004).

The cellular factors that coordinate whether nascent β-catenin mediates Wnt target gene
transcription or plays a structural role in maintaining integrity of the adherens junction are
not completely understood. A large number of studies using a variety of model systems have
shown that overexpression of cadherins is sufficient to inhibit Wnt target gene transcription
and to promote relocalization of β-catenin to the membrane (Heasman et al. 1994; Sanson et
al. 1996; Sadot et al. 1998; Shtutman et al. 1999; Gottardi et al. 2001; Stockinger et al.
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2001). Furthermore, evidence to support potential influence of cadherins on Wnt signaling
comes from studies demonstrating that proteolytic cleavage of cadherins by proteases such
as ADAM10 and presenilin-1/γ-secretase is sufficient to release bound β-catenin, to
increase soluble cytoplasmic β-catenin, and to activate Wnt target gene transcription
(Marambaud et al. 2002; Maretzky et al. 2005; Reiss et al. 2005; Uemura et al. 2006).
Multiple studies in which E-cadherin is knocked down in cells with wild-type Wnt pathway
components, however, fail to demonstrate activation of Wnt signaling, suggesting a lack of a
significant interaction between cadherin-mediated cell adhesion and Wnt signaling,
compensatory regulation of β-catenin levels with E-cadherin, or that turnover of β-catenin
by the degradation complex in the wild-type situation is capable of compensating for the
increased flux of β-catenin (Kuphal and Behrens 2006; Herzig et al. 2007). Support for the
existence of distinct pools of β-catenin comes from a study demonstrating that β-catenin can
exist as a monomeric or dimeric form bound to α-catenin (Gottardi and Gumbiner 2004).
Biochemical studies indicate that the monomeric form preferentially participates in Wnt
signaling, whereas the dimeric form preferentially binds cadherins. Surprisingly, little is
known about the mechanism of β-catenin nuclear translocation.

The scaffold protein Axin, the limiting component of the destruction complex
—The scaffold protein Axin is a critical component of the β-catenin destruction complex,
acting as a limiting negative regulator of Wnt/β-catenin signaling. It was first identified as
the gene product of the locus fused in mice (Zeng et al. 1997). Axin plays a role as a
scaffold protein that directly binds to many of the other components of the destruction
complex and brings them within close proximity to each other (Figure 1). The sites of
interactions have been visualized in co-crystal structures of Axin and APC proteins (Spink et
al. 2000), Axin and β-catenin (Xing et al. 2003), and Axin and GSK3β (Dajani et al. 2003).
Studies of Axin in fly embryos suggest that Axin complexes may form oligomers in vivo,
and that Axin may also act as a cytoplasmic anchor to restrict armadillo/β-catenin import
into the nucleus (Tolwinski and Wieschaus 2001; Peterson-Nedry et al. 2008). Axin was
initially found to be present at low concentrations and is the limiting component of the β-
catenin degradation complex in Xenopus (Lee et al. 2003). A long-standing puzzle about
Wnt signaling is how it maintains specificity because many Wnt components also play
biological roles in other cellular processes; for example, GSK3 is a node for many types of
cell signaling (Forde and Dale 2007). The low concentration of Axin has been proposed to
isolate the Wnt pathway from affecting other intracellular pathways (Lee et al. 2003). The
low level of intracellular Axin is due, in part, to its ubiquitin-mediated turnover that is
promoted by LRP5/6 (Yamamoto et al. 1999; Mao et al. 2001; Tolwinski et al. 2003; Kofron
et al. 2007; Cselenyi et al. 2008). Degradation of Axin has been shown to be regulated by
GSK3 phosphorylation, which inhibits its rate of degradation (Yamamoto et al. 1999). In
addition, the turnover of Axin requires the tumor suppressor APC, and studies in Xenopus
egg extract, as well as in flies, suggest that this may represent a mechanism to compensate
for fluctuations in levels of APC in order to maintain low levels of β-catenin in cells (Lee et
al. 2003).

Smad ubiquitin regulatory factor 2 (Smurf2) has recently been shown to be an E3 ubiquitin
ligase that targets Axin for degradation (Kim and Jho 2010). Due to its key role in Wnt
signaling, it is likely that Axin is tightly regulated. Tankyrase has been shown to promote
poly(ADP-ribosyl)ation (PARsylation) and ubiquitination and further degradation of Axin
through the addition of poly(ADP-ribose) moieties onto proteins through PARsylation
(Huang et al. 2009a). The importance of Axin turnover is demonstrated by the identification
of tankyrase inhibitors IWR-1 and XAV939 that have been shown to potently inhibit Wnt
signaling by increasing the steady-state level of Axin (Chen et al. 2009; Huang et al. 2009a).
These tankyrase inhibitors prevent PARsylation of Axin and thus reduce Axin turnover.
RNF146 has been identified as the poly(ADP-ribose)-directed E3 ubiquitin ligase that
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ubiquitinates Axin (Callow et al. 2011; Zhang et al. 2011). RNF146 binds directly to the
covalently linked poly(ADP-ribose), targeting Axin for degradation and maintaining low
steady-state levels of Axin. A deubiquitinating enzyme, ubiquitin-specific protease (USP)34,
has been identified to catalyze the deubiquitination of Axin and increase steady-state levels
of Axin in cells (Lui et al. 2011). In contrast to PARsylation, SUMOylation of Axin at its C-
terminus has been shown to confer stability by inhibiting Axin ubiquitination (Kim et al.
2008). Recently, quantitative measurements of Axin concentration in a variety of
mammalian cells suggest that its levels vary significantly to alter the dynamics of Wnt
signaling (Tan et al. 2012). Thus, the regulation of Axin levels and stability may be a major
mechanism by which cells control the response to Wnt signals.

The kinase GSK3—GSK3 is a ubiquitous serine/threonine protein kinase involved in
numerous cellular processes (Forde and Dale 2007). Antagonizing GSK3 activity is central
to all models of Wnt signaling mechanisms. The homolog of GSK3 in Drosophila is shaggy,
aka zeste white 3 (Siegfried et al. 1992). In mammals, there are two distinct genes, α and β,
that are likely to have redundant functions in the Wnt pathway (Doble et al. 2007). GSK3
was first identified for its role in the regulation of glucose metabolism, targeting muscle
glycogen synthase (Embi et al. 1980). GSK3 has both positive and negative roles in Wnt
signal transduction, which will be described in further detail later in this review. GSK3 often
recognizes substrates that have been previously phosphorylated (primed), and thus GSK3 is
often found to act in concert with other kinases. β-Catenin phosphorylation by GSK3 (at
Ser33, Ser37, and Thr41) leads to its ubiquitin-mediated degradation (Peifer et al. 1994;
Yost et al. 1996). The crystal structure of GSKβ has been solved and conforms to a typical
protein kinase bilobed structure topology consisting of an amino-terminal β-sheet domain
linked to a carboxy-terminal α-helical domain (Dajani et al. 2001; Haar et al. 2001). Similar
to other activated kinases, the structure of unphosphorylated GSK3β shows an activation
loop that is responsible for its unique priming mechanism (Haar et al. 2001). Furthermore,
phosphorylation of Ser9, which has been shown to inhibit GSK3 activity, is predicted to act
in an auto-inhibitory fashion by blocking access to the catalytic site (Cross et al. 1995;
Dajani et al. 2001). In addition to β-catenin, other major Wnt pathway substrates of GSK3
include APC, Axin, and LRP6 (Rubinfeld et al. 1996; Willert et al. 1999; Zeng et al. 2005a).

The kinase CK1α—The CK1 family of kinases is comprised of a group of serine/
threonine kinases encoded by seven distinct genes in mammals (α, β, γ1, γ2, γ3, δ, and ε;
although β was identified in bovine and has not been found in humans) (Knippschild et al.
2005; Price 2006). As with GSK3, CK1 is a widely expressed family of kinases with a large
number of substrates. All CK1 members have highly similar catalytic domains, but differ
significantly in both the length and the sequence of their C-terminal non-catalytic domains.
CK1α, with its short (~24 amino acid) C-terminal domain, appears to be an outlier
compared with the other family members, which have much longer C-terminal tails (~200
amino acids). CK1α, γ, δ, and ε have been implicated in positively regulating the Wnt
pathway by phosphorylating Dsh, LRP5, TCF/LEF, and Axin (Yanagawa et al. 1995; Peters
et al. 1999; Sakanaka et al. 1999; Kishida et al. 2001; Lee et al. 2001; Gao et al. 2002; Cong
et al. 2004a; Swiatek et al. 2004; Zeng et al. 2005a; Zhang et al. 2006). In contrast, CK1
family members have also been implicated as negative regulators of the Wnt pathway by
phosphorylating β-catenin, APC, Axin, and TCF/LEF (Kishida et al. 2001; Rubinfeld et al.
2001; Liu et al. 2002; Gao et al. 2002; Hammerlein et al. 2005). CK1α has been proposed to
be the in vivo priming kinase for GSK3 and phosphorylates β-catenin at Ser45 (Liu et al.
2002). Consistent with this “dual kinase” model, two independent genome-wide Drosophila
S2 RNAi screens identified CK1α as essential for suppressing Wnt/Wg signaling in the
unstimulated state (Lum et al. 2003; DasGupta et al. 2005). Recently, the activation of
CK1α has emerged as a potential therapeutic drug target, and a recent study reported that
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the antihelminthic drug, pyrvinium, inhibits Wnt signaling by activating CK1α to enhance
β-catenin phosphorylation and degradation (Thorne et al. 2010).

The scaffold protein APC—APC is a scaffold protein consisting of 2843 amino acids
with a mass of approximately 310 kDa, and it acts as a negative regulator of Wnt/β-catenin
signaling. Vogelstein and colleagues first identified the gene in 1991 as the site of a
mutation found in FAP, a familial form of colon cancer (Kinzler et al. 1991; Nishisho et al.
1991). APC plays diverse roles in cellular functions, including Wnt signaling, migration,
mitotic spindle alignment, and apoptosis, which are likely carried out through different APC
subpopulations (Faux et al. 2008). The C-terminal third of APC contains a region involved
in microtubule binding that interacts with the proteins EB1 and Discs large (Su et al. 1995;
Matsumine et al. 1996). These regions have been demonstrated to be involved in
microtubule dynamics in mitosis and cell migration and are thought to be independent of the
role of APC in Wnt signaling (Nathke 2006). The connection between APC and Wnt
signaling was identified in a series of studies that showed that APC binds to β-catenin, and
that mutations in APC caused elevated levels of β-catenin in cancer cells (Rubinfeld et al.
1993; Su et al. 1993). APC binds β-catenin, GSK3, and Axin in several regions within the
central portion of the protein (Rubinfeld et al. 1996; Ikeda et al. 1998; Itoh et al. 1998;
Fagotto et al. 1999). Despite numerous studies published on the function of APC, a clear
mechanistic picture of the role of APC in regulating the Wnt pathway remains elusive
(Cadigan and Peifer 2009; MacDonald et al. 2009). Indeed, loss of APC leading to elevated
β-catenin levels and activation of the Wnt pathway can be overcome by overexpression of
Axin, which is the limiting component of the β-catenin destruction complex (Lee et al.
2003). Furthermore, overexpression of an Axin mutant lacking its APC binding domain
(RGS) is capable of promoting β-catenin degradation and inhibiting Wnt signaling to a
similar extent as overexpression of wild-type Axin (Hart et al. 1998).

How APC acts as a negative regulator of Wnt/β-catenin signaling is something of a mystery.
Several models have been proposed, including (1) exporting β-catenin from the nucleus
(Hamada and Bienz 2004), (2) repressing Wnt target genes (Sierra et al. 2006), (3) retaining
β-catenin in the cytoplasm (Tolwinski and Wieschaus 2001; Ahmed et al. 2002), (4)
targeting the β-catenin destruction complex to the cell cortex, where its E3 ubiquitin ligase
(SCFβ-TRCP) resides (Nathke et al. 1996; McCartney et al. 1999; Yu et al. 1999), (5)
coordinating the phosphorylation and release of β-catenin from the destruction complex to
allow its ubiquitination (Kimelman and Xu 2006), (6) blocking dephosphorylation of β-
catenin by protein phosphatase 2A (PP2A) (Su et al. 2008), and (7) shielding the β-catenin
degradation complex from the inhibitory action of Dsh (Mendoza-Topaz et al. 2011).

None of the proposed models for the role of APC in the Wnt pathway are mutually
exclusive, although the most compelling experimental evidence (4–6) strongly supports
APC’s role in negatively regulating steady-state levels of cytoplasmic β-catenin. It is likely
that APC, similar to other components of the Wnt pathway (e.g. GSK3 and CK1), may
participate in multiple events in the Wnt signaling pathway.

Several kinases, including CK1, protein kinase A (PKA), and GSK3, have been shown to
phosphorylate APC (Rubinfeld et al. 1996; Morin et al. 1997). Phosphorylation of APC by
GSK3 was shown to enhance binding of β-catenin by APC (Rubinfeld et al. 1996; Salic et
al. 2000). In addition to phosphorylation, the APC protein is ubiquitinated. In cells, APC is
stabilized by the COP9 signalosome-associated deubiquitinase, USP15, which binds to the
β-catenin degradation complex (Huang et al. 2009b). The deubiquitinase Trabid, which
removes K63-linked regulatory ubiquitination chains from APC, has been identified as a
positive regulator of Wnt signaling (Tran et al. 2008). Although it is not clear if APC is the
sole target of Trabid, this finding is consistent with the suggestion that K63-linked
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ubiquitination of APC antagonizes Wnt signaling, presumably by potentiating APC activity.
The E3 ligase that mediates ubiquitination of APC and the exact mechanism by which these
K63-linked ubiquitin chains regulate APC activity are unknown.

Other destruction complex factors: PP2A and PS1—Our understanding of the
molecular machinery involved in β-catenin destruction is far from complete. Many other
components have been implicated in preliminary molecular studies but have not received a
thorough structural or biochemical analysis. Studies in cultured cells, Xenopus egg extracts,
and Xenopus embryos have shown both a positive and negative role for the heterotrimeric
phosphatase PP2A. The PP2A catalytic C subunit dephosphorylates both Axin and APC in
vitro and cooperates with Dsh to induce secondary body axes in Xenopus embryos (Hsu et
al. 1999; Willert et al. 1999; Ratcliffe et al. 2000). In contrast, the PP2A subunits (A, B56α,
and C) each possess ventralizing activity in Xenopus embryos and are required for β-catenin
degradation in Xenopus egg extract (Li et al. 2001; Gao et al. 2002). Furthermore,
overexpression of the B56 subunit of PP2A has been shown to inhibit Wnt signaling by
dephosphorylating key regulatory proteins in the β-catenin degradation complex (Seeling et
al. 1999). These studies suggest negative regulation of the Wnt pathway by PP2A. It is
possible that different PP2A heterotrimers have multiple targets, through either different
regulatory proteins or multiple sites on a target protein. Thus, the phosphatase activity of
PP2A mirrors that of the kinases CK1 and GSK3 in that it acts as both a positive and a
negative regulator of the pathway, depending on its site of action.

Presinilin 1 (PS1), the catalytic subunit of the protease γ-secretase that has been implicated
in Notch signaling and Alzheimer’s disease, has also been shown to inhibit Wnt signaling
(Killick et al. 2001; Kang et al. 2002). PS1 appears to regulate β-catenin stability by acting
as a scaffold protein in a similar fashion to Axin to promote phosphorylation of β-catenin by
GSK3, targeting it for ubiquitin-mediated degradation. When PS1 acts as a scaffold, PKA
appears to be the priming kinase for β-catenin phosphorylation by GSK3 (Kang et al. 2002),
whereas CK1 is the priming kinase in the context of an Axin scaffold. APC may not be
required for PS1-mediated degradation of β-catenin. Interestingly, the capacity of PS1 to
promote β-catenin degradation is dependent on E-cadherin, potentially linking the regulation
of cell adhesion to Wnt signaling (Serban et al. 2005).

The phosphatases PP2C and PP1 have also been implicated as positive regulators of Wnt
signaling by opposing the phosphorylation of Axin by CK1, possibly leading to decreased
association between Axin and GSK3 (Strovel et al. 2000; Luo et al. 2007). Amer1/WTX, in
addition to its role in mediating receptor signaling, can bind β-catenin, Axin, APC, and β-
TRCP to stimulate β-catenin degradation in cultured mammalian cells and Xenopus egg
extract (Major et al. 2007). However, its precise biochemical role in this process to date is
unclear. The ankyrin protein Diversin was identified as a negative regulator of Wnt
signaling that acts by recruiting CK1ε to Axin in order to promote the efficient priming of
β-catenin for GSK3 phosphorylation (Schwarz-Romond et al. 2002). Subsequent studies
suggest that these sites of β-catenin destruction mediated by Diversin occur at centrosomes
(Itoh et al. 2009).

The β-catenin futile cycle—The ubiquitous expression of β-catenin and other pathway
members suggests that all metazoan cells express the β-catenin destruction complex.
Although commonly described as having cytoplasmic localization, the core components can
also be found in the nucleus where the β-catenin destruction complex is likely to reside and
function (Bienz 2002; Cong and Varmus 2004; Wiechens et al. 2004; Sierra et al. 2006).
This machine is in a constitutively active state and contains a number of enzymes that target
β-catenin for degradation. Thus, in the absence of a Wnt signal, β-catenin is caught in what
appears to be a futile cycle of synthesis followed by rapid destruction. Such futile cycles in
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signaling pathways have been proposed to allow the system to exhibit more complex
behavior patterns (e.g. stochastic switching bistability) (Samoilov et al. 2005). Axin is the
scaffold protein that nucleates the formation of the β-catenin destruction complex. It binds
with high affinity to the two kinases GSK3 and CK1α. A well-defined α-helix in the central
portion of Axin anchors GSK3, whereas the site of CK1 binding has been mapped to a more
C-terminal region of Axin (Dajani et al. 2003; Sobrado et al. 2005). APC binds the RGS
domain of Axin, an N-terminal region that has structural homology to domains found in
regulators of G-protein signaling (Spink et al. 2000).

β-Catenin enters the complex by binding both 15 amino acid repeats of APC and a single α-
helix on Axin on the C-terminal side of the GSK3 binding site. The exact order and kinetics
of binding are unknown, and it is unclear whether this binding is ordered or stochastic (Lee
et al. 2003).

Evidence suggests that phosphorylation of Axin, likely by GSK3, increases its affinity for β-
catenin (Willert et al. 1999). Upon binding to Axin, the N-terminal region of β-catenin
becomes positioned for rapid phosphorylation by CK1 at serine 45. This creates a priming
site for subsequent and successive phosphorylation of β-catenin by GSK3 at Thre41, Ser37,
and Ser33 (Amit et al. 2002; Liu et al. 2002). Twenty amino acid repeats on APC are also
phosphorylated by CK1 and GSK3 (Ha et al. 2004). This phosphorylation increases the
affinity of the 20 amino acid repeats for β-catenin by 140-fold and competes β-catenin off of
the α-helix binding site on Axin. Based on these observations, it has been proposed that
APC phosphorylation triggers β-catenin removal from Axin, allowing a new β-catenin
species to enter the destruction complex (Kimelman and Xu 2006). The action of APC is
also thought to prevent the action of the phosphatase, PP2A, from acting on the
phosphorylated β-catenin (Su et al. 2008). Once β-catenin is phosphorylated at serines 33
and 37, a destruction consensus sequence is recognized by β-TRCP, a specificity subunit of
the SCF ubiquitin ligase (Jiang and Struhl 1998; Kitagawa et al. 1999; Lagna et al. 1999;
Liu et al. 1999; Marikawa and Elinson 1998). Binding of SCFβ-TRCP to β-catenin catalyzes
its polyubiquitination (via K48 linkages) and subsequent degradation through the
proteasome. These events ensure that newly synthesized, free cytosolic levels of β-catenin
are kept below the threshold necessary for gene regulation. Recently, the HECT domain
containing E3 ligase, EDD, has been shown to ubiquitinate β-catenin, inhibiting its
degradation (Hay-Koren et al. 2010). Although the mechanism by which ubiquitination of β-
catenin by EDD inhibits its turnover is unclear, it may involve, in part, ubiquitination of β-
catenin via non-K48 linkages (K29 or K11). Furthermore, studies need to be performed in
order to better understand the physiological relevance of this mode of regulation by EDD
and its role in Wnt signal transduction.

Pathway behavior on activation—Elevation of β-catenin levels in response to the
presence of Wnt is a hallmark of the Wnt/β-catenin pathway. The precise mechanism of
destruction complex inhibition is under intense investigation and a number of proposed
mechanisms exist. At the core of all the current models is the inhibition of GSK3 anti-
catenin activity. This has been proposed to arise through several distinct mechanisms: (1)
dissociation of components of the β-catenin destruction complex, (2) phosphorylation of
GSK3 at Ser9, which inhibits its activity, (3) LRP6 binding and direct inhibition of GSK3
activity against β-catenin, (4) Axin degradation upon activation of signaling, which prevents
formation of the destruction complex necessary for GSK3 to phosphorylate β-catenin, and
(5) global inhibition of GSK3 activity via its sequestration in multivesicular bodies (MVBs).
We discuss these models individually below.

Several studies have described Axin–GSK3 dissociation upon signaling (Gao et al. 2002;
Liu et al. 2002; Logan and Nusse 2004; Luo et al. 2007). Early studies seem to suggest that
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Dsh recruits GSK3 binding protein (GBP) to Axin where GSK3 is directly inhibited and
dissociates from Axin (Yost et al. 1998; Farr et al. 2000). One caveat to these studies is the
apparent lack of requirement for GBP in Wnt signaling in Drosophila and mice. Drosophila
does not have a GBP ortholog, and genetic knockout studies in mice show no requirement
for GBP in development or Wnt signaling (van Amerongen et al. 2005). In contrast to these
studies, other studies have shown that the complex remains intact and localizes to the Fz/
LRP6 co-receptors rapidly after Wnt stimulation (Mao et al. 2001; Yamamoto et al. 2006;
Bilić et al. 2007; Hendriksen et al. 2008).

GSK3α/β is phosphorylated at Ser9 and Ser21, and when phosphorylated at these sites,
kinase activity is greatly reduced (Sutherland et al. 1993; Cross et al. 1995). Wnt-induced
stimulation of Ser9/21 phosphorylation has been speculated about by several groups (Ding
et al. 2000; Yokoyama and Malbon 2007). However, studies in mice in which non-
phosphorylatable forms of GSK3α/β were knocked-in produced animals with no
developmental defects and no observable perturbation in Wnt pathway activation (McManus
et al. 2005).

A number of mammalian cell culture and biochemical studies suggest that the β-catenin
destruction complex moves to the cell surface upon Wnt stimulation, and this migration is
followed by the direct inhibition of GSK3 by LRP6 (Yamamoto et al. 2006; Bilić et al.
2007; Cselenyi et al. 2008; Hendriksen et al. 2008; Piao et al. 2008; Wu et al. 2009). The
collective evidence from these studies suggests a mechanism in which ligand-stimulated
LRP6 phosphorylation by GSK3 and CK1 creates a docking site for Axin. This
phosphorylation event in turn recruits the Axin–GSK3 complex to the receptor. Recruitment
of Axin–GSK3 to phosphorylated LRP6 has been proposed to be facilitated in part by Dsh,
which binds directly to the Fz receptor and Axin (Schwarz-Romond et al. 2007b). A
problem for this model, however, is the requirement for GSK3 to phosphorylate the
PPPSPxS motifs on LRP5/6 to create docking sites for Axin–GSK3 (amplification step) and
the fact that phosphorylated PPPSPxS motifs can directly inhibit GSK3 activity, further
limiting LRP6 phosphorylation. High-resolution structural data are essential to clarify this
model and to explain how PPPSPxS motifs are sufficient for both Axin docking and GSK3
inhibition.

A compendium of studies from cell culture, Xenopus embryos and egg extracts, and
Drosophila suggest that a conserved and critical event is the degradation of Axin upon Wnt
signaling (Yamamoto et al. 1999; Tolwinski et al. 2003; Kofron et al. 2007; Cselenyi et al.
2008). Because Axin is a concentration-limiting factor, regulation of Axin stability is likely
to have a dramatic effect on signaling (Lee et al. 2003). Genetic studies in Drosophila
designed to elucidate the requirement of Axin regulation show that flies genetically null for
GSK3 have elevated levels of β-catenin as expected, yet unexpectedly they still have near
wild-type Wg-based embryonic patterning that is dependent on dynamic levels of Axin.
These results indicate that regulation of Axin stability is sufficient to pattern the embryo, as
β-catenin nuclear translocation only occurs when Axin levels are low, and Axin may act as a
cytoplasmic anchor to regulate β-catenin-mediated transcription (Tolwinski et al. 2003).
Other work has shown that Axin degradation appears to lag behind β-catenin stabilization
and is not necessary for β-catenin stabilization (Willert et al. 1999; Hino et al. 2005;
Cselenyi et al. 2008). These studies promote the model that the block in β-catenin
destruction that occurs upon Wnt signaling does not require Axin turnover, and that
degradation of Axin is a distinct event that may modulate the character of the response.

It has been proposed that binding of a Wnt ligand to its receptors regulates GSK3 activity by
promoting its sequestration into MVBs (Taelman et al. 2010). Using elegant biochemistry
and electron microscopy, it was shown that large oligomeric complexes (signalosomes) form
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in response to Wnt signaling; these signalosomes associate with the late endocytic markers
Rab7 and Vps, eventually giving rise to MVBs. It was shown that GSK3 is sequestered into
the lumen of these MVBs, thus blocking its capacity to act in the cytoplasm to target
substrates such as β-catenin. Since GSK3 is involved in phosphorylating numerous proteins,
it is predicted that a significant number of cellular proteins would be affected by Wnt
signaling. This appears to be the case as the authors show by protein labeling experiments
that Wnt signaling affects the turnover of 20% of all cellular proteins. Given the timing of
the observations (hours after activation of the Wnt pathway), whether or not these effects are
required for Wnt signaling or whether they represent a more complex modulation of the
pathway, similar to Axin degradation, remains to be determined. In addition, because GSK3
is involved in multiple signaling pathways, isolating the effect of Wnt signaling from other
GSK3-mediated pathways is difficult. Studies of immunoprecipitated Axin complexes from
Wnt-stimulated cells suggest that β-catenin is phosphorylated, ubiquitinated, and degraded
via the proteosome within these Axin complexes (Li et al. 2012). Thus, it was proposed, in
contrast to the prevailing model, that Wnt signaling does not affect GSK3 activity, but,
rather, ubiquitination of β-catenin. The incapacity to ubiquitinate and degrade
phosphorylated β-catenin was proposed to “tie up” the degradation complex. Inconsistent
with this model, however, is the recent dynamic analysis of Wnt pathway activation (as
assessed by quantitative measurements of distinct species of the β-catenin degradation
complex) that strongly indicates that activation of the pathway by Wnt ligands results in
inhibition of β-catenin degradation at, or upstream of, its phosphorylation (Hernandez et al.
2012). Clearly, more studies need to be performed to support these opposing models of Wnt
pathway activation.

Step 3: Activation of a Wnt-specific nuclear transcriptional complex
Nuclear translocation of β-catenin—β-Catenin is normally constitutively transcribed
and translated. Thus, a signal-induced block in proteolysis leads to rapid rise in cytosolic β-
catenin protein levels upon receptor activation. In addition to increased cytosolic
accumulation, β-catenin also accumulates in the nucleus. Remarkably, studies indicate that it
is not the absolute increase in concentration of β-catenin that results in activation of a Wnt
transcriptional program (Goentoro and Kirschner 2009). Rather, it is the relative fold change
(~2 ×) in the concentration of β-catenin that is recognized by the Wnt transcriptional
machinery. Such a mechanism is expected to minimize cell–cell variation caused by
fluctuations in the basal level of β-catenin as well as allowing for activation of the
transcriptional program when the signal is sufficiently elevated in proportion to the
background noise (Goentoro et al. 2009).

β-Catenin does not contain any recognizable nuclear localization signal (NLS) or nuclear
export signal (NES). Nuclear accumulation of β-catenin has been attributed to its
cytoplasmic retention, nuclear retention, and nuclear export. Nuclear entry of β-catenin is
thought to be independent of classic import factors (e.g. RanGTPase and importins) (Fagotto
et al. 1998; Yokoya et al. 1999). The armadillo repeats of β-catenin, however, are
structurally related to importin-β HEAT repeats and may interact directly with the nuclear
pore complex during nuclear entry (Kutay et al. 1997; Malik et al. 1997). Recent data
suggest that armadillo repeats bind directly to the nucleoporins Nup62, Nup153, and Ran
binding protein 2 (RanBP2)/Nup358 (Sharma et al. 2011). Surprisingly, deletion of β-
catenin armadillo repeats 3–6 in Drosophila, which presumably disrupts binding to major
cytoplasmic Wnt components, results in constitutive nuclear localization of the armadillo/β-
catenin mutant (Orsulic and Peifer 1996). Based on this result, it has been suggested that β-
catenin is normally regulated by its cytoplasmic retention. Consistent with this data, both
cadherins and Axin have been shown to sequester β-catenin in the plasma membrane and
cytoplasm, respectively (Heasman et al. 1994; Fagotto et al. 1996; Sanson et al. 1996; Sadot
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et al. 1998; Shtutman et al. 1999; Gottardi et al. 2001; Tolwinski and Wieschaus 2001). The
nuclear proteins TCF, Pygopus, and BCL9 (described below) have been proposed to
similarly act as anchors for β-catenin in the nucleus (Tolwinski and Wieschaus 2001;
Townsley et al. 2004; Krieghoff et al. 2006). It has been proposed that nuclear export of β-
catenin may play a critical role in Wnt signaling, and Axin, APC, and RanBP3 have been
implicated in regulating the export of β-catenin from the nucleus (Henderson and Fagotto
2002; Cong and Varmus 2004; Hendriksen et al. 2005). Finally, Rac1 GTPase and Jun N-
terminal kinase 2 (JNK2) have also been shown to promote β-catenin nuclear localization
upon Wnt signaling, although the mechanism by which this is accomplished is unclear (Wu
et al. 2008).

β-Catenin-mediated gene transcription—Wnt-induced nuclear β-catenin
accumulation leads to an interaction with the TCF/LEF family of DNA-bound transcription
factors that are critical for Wnt-mediated gene regulation (Behrens et al. 1996; Molenaar et
al. 1996). Invertebrates appear to have only one TCF gene, whereas mammals have four:
TCF1, LEF1, TCF3, and TCF4. In the absence of β-catenin, TCF interacts with the co-
repressor Groucho/transducin-like enhancer (Gro/TLE1–3 in vertebrates) to repress gene
transcription. TCF binds at the DNA consensus sequence CCTTTGWW (W can be either T
or A), termed the Wnt-responsive element (WRE). It has been predicted that there are
greater than 6000 high-confidence WREs in at least one studied colorectal cancer cell line,
and these WREs collectively regulate 300–400 genes (Hatzis et al. 2008).

Several studies suggest that TCF proteins are phosphorylated to regulate Wnt signaling.
CK1 has been shown to phosphorylate TCF to positively and negatively regulate its
interaction with β-catenin (Lee et al. 2001; Hammerlein et al. 2005). The Nemo-like kinase
(NLK) has been shown to phosphorylate TCF and inhibit Wnt signaling by reducing the
affinity of β-catenin–TCF for DNA (Ishitani et al. 1999, 2003; Smit et al. 2004). In
Caenorhabditis elegans, phosphorylation of TCF (POP-1) by the NLK homolog, LIT-1,
promotes its export from the nucleus (Lo et al. 2004). Finally, phosphorylation of LEF-1,
TCF4, and TCF3 by the homeodomain-interacting protein kinase 2 has been shown to
promote their dissociation from Wnt target gene promoter (Hikasa et al. 2010; Hikasa and
Sokol 2011). TCF proteins are also modified by ubiquitination. The NLK-associated RING
finger protein promotes the ubiquitination of TCF/LEF, targeting it for degradation in a
manner dependent on NLK activity (Yamada et al. 2006). Similarly, the deubiquitinase
USP4, which deubiquitinates K48 and K63 ubiquitin linkages, has been shown to act on
TCF4 to inhibit Wnt signaling (Zhao et al. 2009). In the canonical model of Wnt target gene
activation, displacement of Gro/TLE by β-catenin converts TCF/LEF into a transcriptional
activator. Elegant in vitro studies indicate that β-catenin is capable of simply displacing Gro/
TLE to compete for TCF/LEF binding (Daniels and Weis 2005). This simple competition,
however, may not always be the case. Recently, the X-linked inhibitor of apoptosis was
shown to monoubiquitinate Gro/TLE, decreasing its affinity for TCF/LEF and allowing for
unrestricted binding of β-catenin to TCF/LEF (Hanson et al. 2012).

Two notable nuclear co-factors found in Drosophila and vertebrates, Pygopus (Pygo) and
BCL9, have been shown to facilitate Wnt pathway-mediated transcription (Figure 3)
(Belenkaya et al. 2002; Parker et al. 2002; Thompson et al. 2002). BCL9 binds and bridges
β-catenin with the Pygo protein. Pygo has been shown to bind the multiprotein
transcriptional co-activator mediator complex and contains a plant homology domain that
interacts with dimethylated histone 3 lysine 4, an indicator of transcriptional activation
(Fiedler et al. 2008). Studies in Drosophila indicate that TCF, β-catenin, BCL9, and Pygo
represent a core transcriptional complex that is necessary for Wnt-mediated gene
transcription. In mammals, the situation is more complex, and there appears to be functional
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redundancy and cell type-specific roles for BCL9 and Pygo (Schwab et al. 2007; Sustmann
et al. 2008).

A role in extensive chromatin remodeling at TCF/ β-catenin-bound promoter regions
appears to be an important aspect of Wnt signaling. In addition to Pygo and BCL9, β-catenin
interacts with an extensive set of chromatin remodeling complexes that include the p300/
CBP and TRRAP/TIP60 histone acetyltransferases, the SWI/SNF family of ATPases, which
are important for chromatin remodeling, the PAF1 complex, which is involved in
transcription elongation and histone modification, and the MLL1/2 histone
methyltransferases (Willert and Jones 2006; Mosimann et al. 2009). Although it is known
that most of these complexes interact with the C-terminal end of β-catenin, the order and
timing of these interactions remain unclear. The importance of these interactions is
highlighted by studies demonstrating that the small molecule inhibitor of β-catenin–CBP
interaction, ICG-001, inhibits Wnt signaling in vitro and in vivo (Eguchi et al. 2005;
Henderson et al. 2010).

It is important to note an often-underappreciated role for TCF/β-catenin signaling in
transcriptional repression. Studies have shown a number of potential mechanisms of
repression, including competition of TCF/β-catenin with transcriptional activators,
recruitment of co-repressors to WREs, or TCF binding to a novel consensus sequence that
specifically mediates repression (Piepenburg et al. 2000; Jamora et al. 2003; Kahler and
Westendorf 2003; Theisen et al. 2007; Blauwkamp et al. 2008). In addition, there are a
plethora of studies showing that many DNA-binding transcription factors (e.g. Smad3,
AP-1, RXR, and Kaiso) bind to β-catenin to activate or repress Wnt/β-catenin target genes.
In light of the large number of TCF binding sites and numerous transcriptional co-
regulators, it is clear that the Wnt/β-catenin gene expression program is vast and induces
dramatic changes in the physiological state of the cell, many of which are still not well
understood (Cadigan 2012). Thus, Wnt signaling leads to a transcriptional program that
includes downregulation and upregulation, rather than to simply transcriptional activation.

Wnt signaling and cancer
The Wnt signaling pathway plays a critical role in many human diseases, and its
misregulation is implicated in numerous types of cancer. Inappropriate Wnt pathway
activation has been implicated in nearly all the major solid human cancers. Gain-of-function
mutations of β-catenin that block its phosphorylation by GSK3 occur at positions Ser33,
Ser37, and Thr41 (Peifer and Polakis 2000; Laurent-Puig et al. 2001). Mutations of Ser45,
the CK1α priming site on β-catenin, have also been found in cancers. In addition, to these
point mutations, N-terminal in-frame deletions of β-catenin (which remove the GSK3 and
CK1α phosphorylation sites) have also been described in cancers (Peifer and Polakis 2000;
Laurent-Puig et al. 2001). All of these β-catenin mutations prevent its phosphorylation by
GSK3 and/or CKIα and its subsequent ubiquitin-mediated degradation. These gain-of-
function mutations of β-catenin often occur separately from mutations in other Wnt pathway
components. Nonhereditary APC mutations in cancers leading to premature truncation occur
frequently at two hot spots (codons 1309 and 1450) (Polakis 1995; Segditsas and Tomlinson
2006). These truncation mutations disrupt APC’s binding to Axin and β-catenin and results
in decreased activity of the β-catenin degradation complex. Mutations in Axin, the limiting
component of the β-catenin degradation complex, have also been found in human cancer,
and both missense and nonsense mutations have been described (Liu et al. 2000; Satoh et al.
2000; Lammi et al. 2004).

Perhaps, the best-studied role of Wnt signaling is in colorectal cancer, which we discussed
earlier in this review. In ~90% of sporadic colorectal cancers, an activating mutation in a
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component of the Wnt pathway leads to the formation of colorectal carcinomas, with 80% of
the mutations located in the destruction complex protein APC (reviewed in Peifer and
Polakis 2000; Polakis 2000). The epithelium of the small intestine is ordered into villi and
crypts of Lieberkühn. Proliferative stem and progenitor cells are found in the bottom two-
thirds of the crypts, with differentiated cells continuously moving upward the tips of the villi
(Heath 1996; Reya and Clevers 2005). The Wnt signaling pathway is the dominant force in
controlling cell fate along the crypts (Reya and Clevers 2005), and it is required for
maintenance of the crypt progenitor phenotype (Korinek et al. 1998). An inactivating
mutation in APC, resulting in inappropriate activation of the Wnt pathway, expands the
progenitor populations; an APC mutation is typically the earliest event in a series of
mutations that occur during progression to metastatic colorectal cancer (Rubinfeld et al.
1996; Markowitz and Bertagnolli 2009). The mechanism by which Wnt signaling mediates
proliferation in colorectal cancers has been proposed to be mediated in a large part by its
induction of c-Myc expression and possibly by stabilizing the oncogene RAS (Sansom et al.
2007; Jeong et al. 2012).

Wnt pathway activation has also been implicated in breast cancer. As mentioned earlier, wnt
(identified as int-1) was originally identified in mammals as a tumorigenic oncogene in a
forward genetic screen using MMTV integration sites (Nusse et al. 1984). Interestingly,
although Wnt signaling appears to be elevated in many breast cancer lines, mutations in
components of the destruction complex are extremely rare (Bafico et al. 2004). Instead,
activation of the Wnt pathway in breast carcinomas appears to be due to increased
expression of the secreted Wnt ligands (autocrine signaling), as well as decreased expression
of soluble Wnt inhibitors, such as WIF1 and sFRP1 (Ugolini et al. 2001; Bafico et al. 2004).
Such breast cancers are particularly associated with the triple-negative type (i.e. does not
express the genes for estrogen receptor, progesterone receptor, and Her2/ neu) and are
predicted to have a poorer prognosis (Geyer et al. 2010; Khramtsov et al. 2010). In fact, β-
catenin and LRP6 have been proposed to be prognostic markers for breast cancer,
particularly the triple-negative type (Kinzler et al. 1991; Lin et al. 2000; Liu et al. 2010).

In lung cancer, similar to breast cancer, activating mutations in β-catenin and APC are rare,
and the Wnt pathway is activated upstream of β-catenin (Ohgaki et al. 2004). At least three
mechanisms of canonical Wnt activation in lung cancer have been described: (1) autocrine
Wnt signaling (non-small cell lung cancer), (2) overexpression of positive Wnt mediators
such as Dsh, and (3) repression of Wnt antagonists (e.g. WIF-1) (Van Scoyk et al. 2008;
Akiri et al. 2009). Wnt signaling in lung cancer has also been associated with increased
metastatic capacity (Nguyen et al. 2009).

Wnt signaling has also been shown to play a prominent role in liver cancer (Peifer and
Polakis 2000; Polakis 2000; Laurent-Puig et al. 2001). β-Catenin activating mutations are
present in up to 50% of all hepatic tumors (de La Coste et al. 1998). Another common
activating Wnt mutation in liver cancer occurs in the negative regulator Axin (Satoh et al.
2000; Taniguchi et al. 2002). These β-catenin and Axin mutations alone are not believed to
be sufficient to cause spontaneous hepato-cellular carcinoma, but likely act in concert with
other cellular signaling pathways to promote hepato-cellular carcinogenesis.

Wnt signaling has also been shown to play an important role in less prevalent cancers.
Increased β-catenin levels have been shown to be present in a majority of pancreatic
carcinomas (Zeng et al. 2006; Pasca di Magliano et al. 2007). Altered β-catenin levels are
thought to result in loss of differentiation, as well as the progression of pancreatic carcinoma
(Lowy et al. 2003). In addition, HSPGs, which positively regulate Wnt signaling, are also
overexpressed in pancreatic carcinomas (Su et al. 2001; Iacobuzio-Donahue et al. 2003; Li
et al. 2005; Nawroth et al. 2007). Sporadic medulloblastomas are also often affected by
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misregulated Wnt signaling. Mutations that activate the Wnt pathway (primarily in APC,
Axin, and β-catenin) occur in ~15% of sporadic medulloblastomas (Huang et al. 2000; Koch
et al. 2001). The Wnt pathway also plays a role in renal cell carcinoma. Although β-catenin
activating mutations are rare (Kim et al. 2000), elevated β-catenin levels have been shown to
induce renal tumors in mice (Saadi-Kheddouci et al. 2001; Qian et al. 2005; Sansom et al.
2005). Promoter hypermethylation-associated silencing of the APC gene, as well as genes
encoding the secreted Wnt inhibitors sFRP1, Dkk2, and WIF-1, has been proposed to play a
role in renal cell carcinogenesis (Battagli et al. 2003; Awakura et al. 2008b; Kawakami et al.
2009).

The Wnt pathway plays an important role in the maintenance of hematopoietic stem and
progenitor cells, suggesting that oncogenic growth in some leukemia is Wnt dependent.
High levels of Wnts have also been detected in acute lymphoblastic leukemia (Khan et al.
2007a). Similarly, elevated Wnt signaling in granulocyte–macrophage progenitor cells
obtained from chronic myeloid leukemia patients has enhanced leukemic potential
(Jamieson et al. 2004). Ovarian cancer lines have also been shown to exhibit elevated Wnt
signaling (Bafico et al. 2004). Finally, the Wnt pathway controls the fate and proliferation of
cells in hair follicles, which are derived from the bulge stem cells located in the bulge niche.
The vast majority of human hair follicle tumors (pilomatricomas) have mutations in the N-
terminus of β-catenin that affect its degradation (Chan et al. 1999).

The cell cycle has been shown to control signaling through the Wnt pathway via regulation
of LRP6 and Axin levels (Davidson et al. 2009; Hadjihannas et al. 2012). It is tempting to
speculate that aberrant Wnt signaling independent of cell cycle control may play a role in the
genesis of Wnt-driven cancer.

Wnt signaling and stem cell control
Embryonic stem cells (ESCs) are pluripotent stem cells taken from the inner cell mass. They
can give rise to any cell type from the three germ cell layers (endoderm, mesoderm, and
ectoderm) (Tesche and Gerber 2010). The isolation of murine ESCs (mESCs) and human
ESCs (hESCs) generated great excitement in the scientific community. However, hESCs are
resistant to nonviral genetic manipulation, greatly limiting their application for the study of
human development and disease. Therefore, most of the studies have been carried out in
mESCs. Although some progress has been made toward the identification of the factors
required to maintain ESCs in an undifferentiated state, only a few have been identified,
including leukemia inhibitory factor (Smith et al. 1988; Williams et al. 1988) and bone
morphogenetic protein 4 (BMP4) (Ying et al. 2003). The prevalent model shows that Wnt
signaling is required to maintain ESC self-renewal; however, it is not clear whether the Wnt
pathway is sufficient for this process.

In mESCs, TCF3 is the predominant TCF/LEF transcription factor and behaves as a
repressor of Wnt signaling (Pereira et al. 2006; Yi et al. 2008). TCF3, in complex with other
co-repressors such as Groucho, represses the expression of pluripotency-related genes under
the control of Oct4. Upon activation of Wnt signaling, either the interaction of β-catenin
with TCF3 or the phosphorylation of TCF3 upon binding β-catenin induces the expression
of TCF3 target genes (Wray and Hartmann 2012). Also, it has been shown that a TCF1/β-
catenin complex activates the expression of Wnt target genes, probably enhancing the
expression of pluripotency-related genes (Yi et al. 2011). It is possible that noncanonical
Wnt signaling plays a positive role on the pluripotency network.

The gene expression profile and growth factor requirements of hESCs suggest that they are
more similar to mouse epiblast stem cells (derived from postimplantation mouse embryos)
than mESCs (Brons et al. 2007; Tesar et al. 2007). Therefore, it cannot be assumed that the
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findings in mESCs also apply to hESCs. Activation of the canonical Wnt pathway has been
shown to inhibit the differentiation of hESCs (Sato et al. 2004). However, blocking the
activity of Wnt ligands using antagonists does not induce differentiation (Dravid et al.
2005), suggesting that Wnt signaling is not required for hESC maintenance.

Induced pluripotent stem cells (iPSCs) exhibit properties similar to ESCs, but iPSCs can be
generated from fully differentiated somatic cells. iPSCs closely resemble ESCs in gene
expression, epigenetic signature, and their unlimited capacity to undergo proliferation in
vitro while maintaining their pluripotency (Li and Ding 2010; Okita and Yamanaka 2010).
iPSCs can be generated by the addition of several combinations of the transcription factors
Oct4, Sox2, Klf4, and c-Myc using retroviral- or lentiviral-based vectors (Takahashi and
Yamanaka 2006; Takahashi et al. 2007). It is possible to vary the number of transcription
factors used during reprogramming. In the absence of c-Myc, Wnt3a-conditioned media was
reported to enhance iPSC reprogramming (Marson et al. 2008), further showing the
requirement of Wnts in stimulating pluripotency.

Several studies support a role for Wnt in lineage decisions and cell fate in embryonic and
adult stem cells. For instance, Wnts promote differentiation of neural stem cells in the
mouse neocortex (Hirabayashi et al. 2004). Another study reports that Wnt signaling is
required in neuronal specification in the dorsal spinal cord (Muroyama et al. 2002). During
muscle injury, Wnts promote myogenic specification and are involved in muscle
regeneration (Polesskaya et al. 2003). It is possible that the differential responses to stimuli
and the differential activation of specific sets of Wnt target genes are mediated by cell type-
specific intrinsic properties. Also, a given cell might acquire changes in these intrinsic
properties over time. Thus, at different stages of development, Wnt can promote either self-
renewal or lineage commitment (Kléber and Sommer 2004).

The effect of Wnt signaling on a particular type of stem cell depends on its
microenvironment. Thus, Wnt signaling interacts with other signaling pathways, and the
output is determined by their combined activity (Kléber and Sommer 2004). For example, in
the nervous system, Wnt signaling and BMP signaling cooperatively regulate Emx2
expression in the dorsal telencephalon (Theil et al. 2002), whereas Wnt and BMP have
antagonistic functions in establishing neuronal and glial lineages, as opposed to melanocytes
in the neural crest (Jin et al. 2001).

In Drosophila, Wg regulates stem cells during development in many different tissues.
Several studies have revealed conserved mechanisms of Wg regulating Drosophila gut stem
cells, similar to Wnt regulation of mammalian stem cells in the intestinal crypts. Wg
signaling is required and sufficient for self-renewal and/or proliferation of stem cells in the
Drosophila midgut, a functional equivalent of mammalian small intestine (Lin et al. 2008;
Lee et al. 2009). Here, the Wg ligand is produced by circular muscles, which are separated
from the stem cells by a basement membrane through which the Wg ligand apparently
moves (Lin et al. 2008). Wg is also expressed in another gut stem cell, the hindgut stem cells
at the midgut/hindgut boundary, to maintain them in a slow-cycling, self-renewal state
(Takashima et al. 2008). Wg signaling also regulates other types of stem cells in Drosophila.
For example, Wg signaling regulates the self-renewal of gastric stem cells in the stomach
(Strand and Micchelli 2011), follicle stem cells in the ovary (Song and Xie 2003), and stem-
like hematopoietic precursor cells in the lymph gland (Sinenko et al. 2009).

Assaying the Wnt pathway in vitro and in vivo
It has been nearly three decades since the discovery of Wnt. The pathway has seemingly
become more complex, and every year additional proteins are identified to be critical for
transduction of a Wnt signal or to impinge on the Wnt pathway. Given our current
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understanding of the pathway, it is now possible to establish criteria which one would
consider strong evidence that a given protein or small molecule is involved in Wnt signaling.
We can divide these criteria into three broad categories: biochemical alterations in key Wnt
components in the plasma membrane and cytoplasm, transcriptional changes in response to
Wnt signaling, and perturbations in Wnt pathway-driven developmental processes. For the
sake of simplicity, we focus on proteins/small molecules that act positively in the Wnt
pathway, although we expect negative regulators to have opposite effects. We describe the
most common assays below, although this list is by no means comprehensive.

Biochemical evidence for participation in Wnt signaling in the plasma membrane and
cytoplasm

a. Binding of secreted Wnt ligand to the co-receptors LRP5/6 and Frizzled is the
initial event for Wnt pathway activation. Activation of the Wnt pathway at the level
of the plasma membrane can be assessed in the following manner:

1. Phosphorylation of Dishevelled upon Wnt activation of Frizzled.
Dishevelled phosphorylation can be assessed by mobility shift on SDS-
PAGE (Yanagawa et al. 1995).

2. Phosphorylation of LRP5/6 by GSK3 and/or CK1 that occurs rapidly upon
Wnt pathway activation. LRP6 phosphorylation can be detected by anti-
phospho-LRP6-specific antibodies (Zeng et al. 2005a).

3. Recruitment of the scaffold protein Axin (and associated GSK3) to the
plasma membrane pool by activated LRP6. Axin recruitment can be
observed by immunoblotting plasma membrane fractions for Axin and/or
GSK3 (Mao et al. 2001).

4. Formation of signalosomes upon Wnt–receptor engagement. Frizzled–
LRP5 complexes can be assessed by immunoprecipitation followed by
immunoblotting. LRP6 oligomers can be assessed by sucrose density
gradient centrifugation (Bilić et al. 2007).

b. Inhibition of the β-catenin destruction complex represents the central feature of
Wnt pathway activation. Effects on the β-catenin destruction complex represent
strong biochemical evidence for participation in the Wnt pathway and can be
assessed as follows:

1. Accumulation of intracellular β-catenin levels. This can be readily
assessed by immunoblotting the cytoplasmic fraction or by performing
immunofluorescence studies. Because Wnt stimulation also leads to β-
catenin accumulation in the nucleus, increased nuclear β-catenin can
similarly be assessed (Morin et al. 1997).

2. The degradation of β-catenin requires its phosphorylation by GSK3, and
Wnt pathway activation inhibits GSK3 phosphorylation of β-catenin
(Peifer et al. 1994; Yost et al. 1996). Antibodies that recognize the GSK3-
phosphorylated and GSK3-deposphorylated form of β-catenin can be used
to assess Wnt pathway activation at this step, in tissues or on
immunoblots.

3. In many, but not all, instances, Axin degradation is stimulated in response
to Wnt signaling. Thus, a decreased steady-state level of cytoplasmic
Axin, when it occurs, is an indicator of active Wnt signaling (Yamamoto
et al. 1999).
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4. GSK3 activity has been shown to be inhibited upon Wnt pathway
activation. Recently, a reporter protein for GSK3 activity has been
described in which GFP is fused to three GSK3 phosphorylation sites
(Taelman et al. 2010). Stability of this protein is regulated by GSK3
activity, and activation of the Wnt pathway inhibits its degradation.

Transcriptional changes in response to Wnt signaling
a. Activation of Wnt/β-catenin ultimately leads to alterations in a Wnt-specific

transcriptional program. Wnt-mediated transcriptional response can be assessed in
the following manner:

1. Activation of a luciferase transcriptional reporter or TOPflash (Molenaar
et al. 1996; van de Wetering et al. 1997). The TOPflash reporter consists
of multimerized TCF/Lef-binding sites fused to the luciferase gene.
Luciferase activity is proportional to the strength of the Wnt-mediated
transcriptional activation. Although normally cell based, this reporter has
also been used in Xenopus (Kiecker and Niehrs 2001). A similar approach
using GFP signal as a readout has also been described (Dorsky et al.
2002).

2. Regulation of endogenous Wnt target genes. Well-characterized Wnt
pathway target genes, such as axin2, naked2, siamois, Xnr3, en, and distal-
less will show a change in mRNA transcription in response to Wnt
transcriptional activation. Although Wnt signaling is often associated with
target gene activation, it is worth noting that there are instances in which
Wnt signaling can also result in the suppression of gene transcription
(Hoverter and Waterman 2008; Cadigan 2012). Regardless, these changes
can be readily assessed by real-time PCR, microarray, or tissue staining.

3. Recruitment of β-catenin onto WRE. The dynamic recruitment of β-
catenin onto Wnt target promoters can be determined by chromatin
immunoprecipitation assays (Blauwkamp et al. 2008; Hatzis et al. 2008).

b. Wnt/β-catenin signaling plays critical roles in metazoan development. Thus,
alteration in Wnt signaling will result in notable stereotypic effects on the
developing organism. These changes can be used as a readout to assess activation
or inhibition of Wnt signaling in an in vivo setting.

1. The Wnt pathway plays a crucial role in the development of the Xenopus
embryonic axis. In the early Xenopus embryo, ectopic activation of Wnt
signaling leads to formation of a secondary body axis. Conversely,
inhibition of Wnt signaling leads to embryos with reduced anterior–dorsal
structures (Smith and Harland 1991; Sokol et al. 1991).

2. In Drosophila, Wg establishes segment polarity during embryogenesis,
which can be assessed either by reporter expression or by patterning of the
cuticle into regions of naked cuticle or hair-like projections called
denticles (Nusslein-Volhard and Wieschaus 1980). Upon decreased wg
function, embryos are covered with a lawn of denticles. Conversely,
enhanced wg function results in embryos with naked cuticles (Sampedro et
al. 1993; Sanson et al. 1999). In the wing disc, Wg patterns the dorsal–
ventral boundary of the future wing blade (Couso et al. 1993); Wg
pathway activation results in activation of reporter genes senseless, a
short-range target, and distal-less, a long-range target, both of which can
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be detected by antibody staining (Sampedro et al. 1993; Sanson et al.
1999).

3. In Caenorhabditis elegans, the posterior migration of QL neuroblast
progeny, QL.d, is regulated by canonical Wnt signaling and controls the
expression of the mab-5 gene (reviewed by Eisenmann 2005). Inhibition
of Wnt signaling in Caenorhabditis elegans causes anterior migration of
QL.d cells as well as loss of mab-5 expression. Other developmental
processes regulated by Wnt signaling in worms include vulval
development and endoderm induction.

4. In mice, mutations in the Wnt pathway result in distinct phenotypes,
including defects in midbrain–hindbrain formation, bone formation,
kidney development, and lung development. In addition, hyperactivation
of the pathway induces formation of tumors in various tissues, most
notably, adenomas of the gastrointestinal tract (Wang et al. 2012).

Perspectives/future directions
Our understanding of Wnt/β-catenin signaling has broadened significantly over the last
several years. Particularly exciting is the emerging role of E3 ubiquitin ligases and
deubiquitinases in regulating Wnt pathway. Ubiquitination of Wnt pathway components
occurs at all levels of the Wnt pathway, from receptor activation to nuclear transcription.
Ubiquitination may represent a regulatory mechanism that plays an absolutely critical role in
regulating pathway activation, similar to the critical role that has been shown for kinases.
The application of biochemical techniques such as reconstitution of key steps using purified
components provides strong demonstration of sufficiency. One important goal will be to
reconstitute the pathway from ubiquitin-mediated degradation of β-catenin to receptor-
mediated inhibition of β-catenin turnover. Such an approach has been performed for the G-
protein-coupled systems in which ligands, receptors, G proteins, and effectors have been
reconstituted in vitro, demonstrating sufficiency in pathway activation and confirming the
prevalent model of G-protein action (Gilman 1987). Although this feat would likely be
much more difficult because many more components are involved, it would provide
invaluable insight into the central mechanism of β-catenin degradation and its signal-
dependent inhibition. Newly resolved structures of Wnt pathway components, as evidenced
by the recent structure determination of XWnt8 bound to the CRD of Fz8, will allow us to
look at protein–protein interactions, as well as binding and conformational changes that
might provide a better understanding of how individual proteins respond to Wnt signaling. A
particularly important structure would be that of the β-catenin degradation complex as it
may illuminate our understanding of this central step in the pathway: the mechanism of β-
catenin degradation, the role of APC, and how pathway activation inhibits this complex. A
similar biochemical and structural approach may be required for the β-catenin
transcriptional activation complex, of which even less is known.

Another exciting development in the Wnt field is the increasing use of quantitative
mathematical modeling to predict the behavior of the Wnt pathway and its capacity to
change over time or in response to specific stimuli or perturbations. Such studies should
provide insight into how the Wnt pathway can be “adapted” to play distinct roles in a broad
number of developmental and physiological processes. Specifically, modeling may be
informative as to how different factors can markedly alter the output of the system to allow
the pathway to perform a legion of specific developmental and/or physiological tasks or, in
pathological situations, lead to human disease. Some factors that might be investigated by
modeling include cross talk with other pathways, changes in pathway composition, changes
in pathway concentrations, and alterations in intramolecular interactions. It is likely that a
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better understanding of the Wnt/β-catenin pathway will have major impact on the field of
developmental biology, regenerative (stem cell) medicine, and cancer research. It is thus
very exciting that in the last few years many small molecule inhibitors (Porc inhibitors,
tåankyrase inhibitors, CK1α activators, to name a few) that inhibit the Wnt pathway in vitro
and in animal models have been identified. In the next several years, it is likely that the long
journey from the first identification of the Wnt pathway over 30 years ago to the application
of a Wnt inhibitor for the treatment of a human disease will come to fruition. These are very
interesting times in the Wnt field indeed.
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Figure 1.
The current model of Wnt/β-catenin signaling. (Left panel) In the absence of Wnt,
cytoplasmic β-catenin forms a complex with APC, Axin, GSK3, and CK1α. β-Catenin is
phosphorylated by CK1α and subsequently phosphorylated by GSK3. The phosphorylated
form of β-catenin is recognized by the E3 ubiquitin ligase SCFβ-TRCP, which targets β-
catenin for proteasomal degradation. In the absence of nuclear β-catenin, Wnt target genes
are repressed. APC, adenomatous polyposis coli; GSK3, glycogen synthase kinase 3; CK1α,
casein kinase 1 alpha. (Right panel) In the presence of Wnt ligand, a receptor complex forms
between Fz, LRP5/6, and Wnt. The recruitment of Dsh by Fz leads to LRP5/6
phosphorylation by CK1α and GSK3 followed by recruitment of Axin to LRP5/6. The latter
disrupts Axin-mediated phosphorylation/degradation of β-catenin, leading to accumulation
of β-catenin in the cytoplasm and its translocation to the nucleus, where it acts as a
transcriptional co-activator with TCF to activate Wnt-responsive target genes. Fz, Frizzled;
Dsh, Dishevelled; TCF, T-cell factor.
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Figure 2.
Synthesis and export of Wnt ligand. Wnt ligand undergoes multiple posttranslational
modifications in the ER. Glycosylation and palmitoylation of Wnt ligand (the latter
mediated by the transmembrane protein Porc) are required for its translocation to the Golgi
apparatus. Palmitoylation of Wnt allows it to bind Wls, which provides a mechanism for
transportation to the plasma membrane. The retromer complex recycles Wls from the plasma
membrane back to the Golgi.
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Figure 3.
Nuclear TCF/β-catenin transcriptional complexes. Upon Wnt/β-catenin signaling, DNA-
bound TCF/β-catenin recruits many other transcriptional complexes to Wnt target genes.
Dotted lines represent interactions between the transcriptional complexes and β-catenin.
During active Wnt target gene transcription, the co-repressor Gro/TLE cycles on and off of
β-catenin in an XIAP-dependent manner with the other transcriptional complexes. Gro/TLE,
Groucho/transducin-like enhancer of split.
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Table I

Wnt pathway alterations in cancer.

Gene Type of change Cancer type Reference

LRP5 Missplicing/in-frame deletion/gain of
function

Breast cancer Bjorklund et al. (2009)

LRP6 Upregulation Breast cancer Liu et al. (2010)

Axin1/2 Truncation/loss of function Colorectal cancer Satoh et al. (2000) and Taniguchi et
al. (2002)

Hepatocellular carcinoma Liu et al. (2000) and Lammi et al.
(2004)

Medulloblastoma Dahmen et al. (2001)

APC Truncation/loss of function Colorectal cancer Kinzler et al. (1991) and Nishisho et
al. (1991)

Breast cancer Bafico et al. (2004) and Ugolini et al.
(2001)

Medulloblastoma Huang et al. (2000) and Koch et al.
(2001)

Hepatocellular carcinoma Battagli et al. (2003)

CTNNB1 (β-catenin) Missense/in-frame deletion/gain of
function

Medulloblastoma Eberhart et al. (2000)

Pancreatic cancer Pasca di Magliano et al. (2007)

Hepatocellular carcinoma de La Coste et al. (1998)

Colorectal cancer Korinek et al. (1998)

CREBP (CBP) Truncation/loss of function Lymphoma/leukemia Teo and Kahn (2011)

sFRP1 (secreted Wnt
antagonist)

Downregulation by methylation Breast cancer Suzuki et al. (2008)

Hepatocellular carcinoma Awakura et al. (2008a)

Lung cancer Fukui et al. (2005)

Colorectal cancer Suzuki et al. (2002)

WIF-1 (secreted Wnt
antagonist)

Downregulation by methylation Breast cancer Wissmann et al. (2003)

Lung cancer Mazieres et al. (2004)

Kidney cancer Kawakami et al. (2009)

DVL Upregulation Lung cancer Uematsu et al. (2003)

HSPGs Upregulation Pancreatic cancer Pasca di Magliano et al. (2007)

DKK2 (Wnt antagonist) Downregulation by methylation Kidney cancer Hirata et al. (2009)

TCF7L2 (TCF4) Missense/deletion/ truncation/gain of
function

Colorectal cancer Cuilliere-Dartigues et al. (2006)

WTX Truncation/deletion/loss of function Wilms’ tumor Ruteshouser et al. (2008)
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