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1. Introduction
Since its discovery in 1982, signalling induced by the Wnt family 
of secreted proteins has become a major subject for scientific 
research. With its implication in a wide variety of biological 
processes such as stem cell maintenance, the establishment and 
upkeep of polarity, both embryonic and adult development, cell 
death, communication and migration, it comes as no surprise 
that Wnt signalling is also a key player in human pathogenesis. 
Most notably, defective Wnt signalling has been associated 
with the development of many types of cancer, and also with 
neurodegenerative diseases (MacDonald et al., 2009; Clevers 
and Nusse, 2012). 

The initial discovery of a Wnt gene was accomplished during a 
search for preferable genomic sites of integration for the Mouse 
Mammary Tumour Virus (MMTV), which causes mammary 
carcinogenesis. The int1 site was found to be strongly favoured 
for MMTV integration, and the associated proto-oncogene 
turned out to be the secreted protein Wnt1 (Nusse and Varmus, 
1982). Convergingly, the Drosophila gene wg, which is involved 
in embryonic development, was identified as a homolog of this 
gene (Chopra, 1976; Niisslein-volhard and Wieschaus, 1980; 
Rijsewijk et al., 1987). Together, int-1 and wg were combined and 
they are now commonly referred to as Wnt. Many of the genes 
involved in Wnt signalling were found in forward genetic screens 
that were set up to identify factors that influenced patterning 
in the early embryo, and in 1995 a Nobel price was awarded 
for this work (Nüsslein-volhard and Wieschaus, 1980). With the 
subsequent identification of genes that led to defects in tissue 
patterning and axis formation when mutated in Drosophila and 
Xenopus, such as armadillo (Riggleman et al., 1989), dishevelled 
(Klingensmith et al., 1994), shaggy/zeste-white3 (Siegfried et al., 
1992), frizzled (Bhanot et al., 1996) and arrow (Wehrli et al., 2000), 
the mechanisms of Wnt signalling were gradually established. 

This initial mode of Wnt signalling, in which transcription is 
influenced by the activation of nuclear transcription factors, 

is also referred to as the canonical or Wnt/β-catenin pathway. 
In more recent years, Wnt signalling has also been associated 
with the activation of so-called non-canonical pathways, which 
do not necessarily rely on altering transcript levels. Rather, they 
regulate the cytoskeleton and intracellular calcium levels in 
a more direct manner. This review will focus on canonical Wnt 
signalling, which has been the subject of most Wnt-related 
studies. For discussion of the non-canonical pathways the 
reader is referred to the following reviews: Simons and Mlodzik 
(2008); Lai et al. (2009); De (2011) & Clark et al. (2012).

The canonical Wnt signalling pathway converges on the 
regulation of the transcription factor β-catenin. In the absence 
of Wnt signalling, β-catenin is continuously synthesized and 
degraded by the cytoplasmic β-catenin destruction complex. 
This protein complex consists of the adenomatous polyposis 
coli protein (APC), which was identified in patients with familial 
adenomatous polyposis (FAP) a hereditary type of cancer 
(Kinzler et al., 1991; Nishisho et al., 2013), Axin, casein kinase 
1 (CK1) and glycogen synthase kinase 3 (GSK3). Although the 
destruction complex has been the subject of many divergent 
studies, its exact functional dynamics have not been completely 
elucidated. In the current canonical Wnt signalling model (see 
Figure 1), CK1 and GSK3 phosphorylate β-catenin, which leads 
to its recognition by the F-box & WD repeat containing protein 
β-TrCP. This protein is a component of the Skp1-Cullin-F-box 
(SCF) E3 ubiquitin ligase complex. SCFβ-TrCP subsequently binds 
to β-catenin and ubiquitylates the protein at multiple residues. 
These modifications function as a signal that leads to the 
proteasome-mediated degradation of β-catenin, inter alia. With 
the activation of Wnt signalling the degradation of β-catenin is 
prohibited by inhibition of the destruction complex, for which 
multiple models have been proposed (Saito-Diaz et al., 2013). This 
process is initiated by binding of the Wnt ligand to its membrane-
bound receptor Frizzled and its co-receptors LRP-5/6. Activation 
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of Frizzled leads to the recruitment of cytoplasmic dishevelled 
(Dsh/Dvl) and the subsequent inhibition of the destruction 
complex (Zeng et al., 2008; Li et al., 2012). The inhibition of 
β-catenin ubiquitylation allows the protein to accumulate and 
enter the nucleus. In this cell compartment β-catenin binds 
to DNA-binding transcription factors of T cell factor (TCF) and 
lymphoid enhancer factor (LEF) families (Beelman et al., 1996; 
Molenaar et al., 1996), allowing it to regulate the transcription of 
Wnt target genes. TCF associates with Wnt responsive elements 
(WREs), which are found in a range of positions throughout the 
genome and thus allow for the regulation of many genes (Hatzis 
et al., 2008). A large portion of these genes is involved in cell 
proliferation and differentiation (Hatzis et al., 2008; Niehrs, 2010; 
Wray and Hartmann, 2012). In addition, components of the Wnt 
signalling pathway are regulated by β-catenin-dependent gene 
transcription, thus resulting in the formation of both positive 
and negative feedback loops. In a study using colorectal cancer 
cell lines more than 6000 WREs were identified, which were 
predicted to regulate the expression of as many as 400 genes 
(Hatzis et al., 2008). A discussion of the specific genetic targets 
regulated by Wnt signalling is not in the scope of this review, 
and for further information on the topic the reader is referred to 
the following review: Cadigan (2012).

An essential factor in the regulation of Wnt signalling, 
which is of influence on many components of its canonical 
signalling pathway, is the post-translational ubiquitylation 
of proteins. Ubiquitin is an 8.5 kD protein that was identified 
in 1975 by Goldstein et al., and which is ubiquitously – hence 

its denomination – expressed in animal tissues. The protein is 
evolutionarily conserved from yeast to plants and humans 
(Goldstein et al., 1975), and its covalent attachment to substrates 
has a diverse range of functions in the regulation of cellular 
processes. These include its classical role as a flag that labels 
proteins for degradation by the proteasome (either in the case 
of excess or misfolding proteins), but also non-proteolytic 
roles, e.g. in cellular signalling, membrane traffic and protein 
localization, activity and complex formation (Haglund and 
Dikic, 2005; Varshavsky, 2006; Chen and Sun, 2009; Williamson 
et al., 2013). The deregulation of ubiquitylation, similar to 
Wnt signalling, is involved in human pathogenesis, which is 
illustrated by, for example, its role in the development of breast 
cancer (Lipkowitz and Weissman, 2011). The indispensable 
function of ubiquitylation is further illustrated by its central role 
in the regulation of the cell cycle in eukaryotic cells (Petroski and 
Deshaies, 2005; Peters, 2006). Wnt signalling is no exception, for 
the regulation of proteins by ubiquitylation plays a major role 
in its dynamics, as has been reviewed in Tauriello and Maurice 
(2010). 

Studies focussing on the mechanisms of ubiquitylation 
and Wnt signalling have experienced an increasing level of 
attention in recent years, mostly due to their relevance to 
human disease. In accordance, Wnt signalling has been shown 
to be hyperactivated in many types of cancer (Polakis, 1999, 
2012; Clevers, 2006; Clevers and Nusse, 2012), which is often 
detected by the assessment of β-catenin levels in cancer cells. 
For example, over 90% of colorectal cancerous growths assessed 
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Figure 1. Schematic representation of the current Wnt signalling model. 
During the Wnt-off phase, the destruction complex mediates the degradation of β-catenin in cooperation with β-TrCP and the proteasome. In the 
presence of Wnt ligand, the destruction complex is inhibited via its interaction with the Wnt receptors. This leads to the accumulation of β-catenin, 
which translocates to the nucleus where it regulates the expression of Wnt target genes. Figure reconstructed and adapted from Clevers and Nusse 
(2012).
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show hyperactivation of β-catenin signalling (Niehrs, 2012; 
Polakis, 2012). Taking this information into account, this review 
will focus on the involvement of ubiquitylation events that 
directly or indirectly influence the cellular levels of β-catenin. In 
addition, this review will focus on the roles of these regulatory 
processes in human pathogenesis.

2. An overview of ubiquitylation

2.1 Ubiquitin: the basics
Four distinct genes in the human genome encode the ubiquitin 
protein. These are UBB, UBC, UBA52 and RPS27A. Ubiquitin can 
constitute up to 5% of the total protein level of a eukaryotic cell, 
which suggests that there is redundancy amongst the genes 
expressing this protein (Ryu et al., 2007). The ubiquitin protein, 
which consists of 76 amino acids, is conjugated to lysine residues 
on its target molecules via its C-terminal glycine (glycine 76) 
residue, forming an iso-peptide bond (Kimura and Tanaka, 2010). 
These links are not formed with just non-ubiquitin proteins, as 
the protein itself also contains seven lysine residues (lysine 6, 11, 
27, 29, 33, 48 & 63) that can be used to form different types of 
ubiquitin chains. Thus, proteins can be conjugated with several 

types of ubiquitin modifications, which will be discussed below.

2.1.1 Mono- and multiubiquitylation
The most basic type of post-translational protein modification 
based on ubiquitin moieties is monoubiquitylation, which is 
the conjugation of a protein with a single ubiquitin protein at 
one of its lysine residues. This modification is involved in the 
internalization of membrane-bound proteins such as receptor 
tyrosine kinases (RTKs), of which especially the epidermal 
growth factor receptor (EGFR) has been studied extensively due 
to its hyperactivation leading to cancer development (Madshus 
and Stang, 2009). Other functions comprise the intracellular 
sorting of vesicle-bound proteins, such as internalized RTKs that 
are recycled to the membrane via endosomal multivesicular 
bodies, or degraded by fusion of these vesicles with lysosomes 
(Haglund et al., 2003a, 2003b; Hicke and Dunn, 2003). In these 
cases, ubiquitin modifications function as the sorting signals 
of the internalized proteins. In addition, monoubiquitylation 
is involved in the nuclear shuttling of proteins such as the 
tumour suppressor p53 (Brooks, 2004), inducing protein-protein 
interactions (Haglund et al., 2003a), regulating protein activity in 
the case of factors involved in DNA repair mechanisms (Hoege 
et al., 2002), and they can function in chromatin dynamics by 
histone modification (Hicke, 2001). The covalent modification 
of proteins with multiple single ubiquitin proteins on separate 
lysine residues is referred to as multi-monoubiquitylation, or 
multiubiquitylation (see Figure 2D). This type of modification 
has, for example, been associated with the regulation of myosin 
assembly in C. elegans (Gönczy, 2004; Hoppe et al., 2004).

2.1.2 Polyubiquitylation
A third type of modification is the attachment of a ubiquitin 
chain to a single lysine residue on target proteins, which is 
called polyubiquitylation (Welchman et al., 2005; Ikeda and 
Dikic, 2008). The seven aforementioned ubiquitin lysine 
residues are all used to conjugate ubiquitin moieties to one 
another. The specific combination of lysine residues that is used 
to create these chains determines the superstructure of the 
chain (see Figure 2A), and this structure in turn influences the 
function of the modification. Chains linked with solely lysine 11, 
29 and 48 residues are generally associated with degradation 
of the substrate by the proteasome (Kim et al., 2004; Verma et 
al., 2004; Ikeda and Dikic, 2008). Linear lysine 63-linked chains, 
on the other hand, regulate the activation of signalling proteins 
involved in DNA repair and intracellular signalling (Spence 
et al., 1995; Kerscher et al., 2006), but are also involved in the 
lysosome-targeting of substrates (Mukhopadhyay and Riezman, 
2007). In addition, chains mixed with different lysine residue 
linkage types have been identified, as well as heterologous 
chains, which are mixed with non-ubiquitin proteins (see 
Figures 2B & C) (Ikeda and Dikic, 2008). Interestingly, linear 
‘head-to-tail’ ubiquitin chains can be formed as well, which 
are ubiquitin lysine residue-independent and instead consist 
of bonds between the C- and N-termini of ubiquitin moieties 
(Kirisako et al., 2006). This type of modification is involved in, for 
example, non-proteolytic regulation of the transcription factor 
NF-κB (Iwai and Tokunaga, 2009).

Figure 2. Schematic representation of the different varieties of 
ubiquitin modifications (Ikeda and Dikic, 2008).
(A) The seven types of homotypic chains, in which ubiquitin moieties are 
linked through the same lysine residue on each molecule. 
(B) The mixed chain, consistent of multiple types of homotypic chains. 
(C) A heterologous chain, in which ubiquitin-like proteins like SUMO are 
incorporated. 
(D) Multiple monoubiquitylation, in which several substrate lysine 
residues are conjugated with single ubiquitin proteins.
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2.2 The ubiquitin ligases and deubiquitylating enzymes
The conjugation of ubiquitin groups to its target proteins is 
achieved with three separate reactions that are mediated by 
different enzymes (see Figure 3). The first step comprises the 
ATP-dependent activation of ubiquitin by E1 enzymes. The 
second step involves the conjugation of the ubiquitin group 
to an E2 ubiquitin-conjugating enzyme, and in the final step 
ubiquitin is ligated to a lysine residue on its target protein 
by an E3 enzyme. The E1, E2 and E3 enzymes are encoded 
by two, less than 40, and more than 600 genes in the human 
genome, respectively (Pickart and Eddins, 2004; Li et al., 
2008). The E3 enzymes are the main factors that determine 
substrate specificity of the ligation process, which explains 
their abundance and diversity. These enzymes are subdivided 
into two groups, namely those containing a HECT (Homologous 
to the E6-AP Carboxyl Terminus) and those containing a RING 
(Really Interesting New Gene) domain.

The two types of E3 ubiquitin ligases differ in their method of 
ubiquitin ligation. The HECT type first transfers the ubiquitin from 
the E2 enzyme to its acceptor site, after which it is transferred 
onto the substrate that is also bound to the E3 enzyme. The 
large group of RING E3s, on the other hand, do not directly bind 
ubiquitin. They mediate the transfer of ubiquitin directly onto 
the substrate, and they often consist of large multimeric protein 
complexes that contain adaptors and additional regulatory and 
specificity mediating proteins such as an Skp1, RBX1, Cullin and 
F-box protein in case of the SCF complex (Deshaies and Joazeiro, 
2009; Rotin and Kumar, 2009). In addition to the E3 enzymes, 
a fourth group of ubiquitin ligases has been identified, which 

were named E4 enzymes (Koegl et al., 1999). These proteins 
are involved in the elongation of ubiquitin chains on substrate 
proteins such as p53, in cooperation with E1, E2 and E3 enzymes 
(Grossman et al., 2003; Hoppe, 2005; Shi et al., 2009).

In addition to the conjugation of ubiquitin groups to substrate 
proteins, these modifications can also be reversed. A diverse 
group of ~100 deubiquitylating (DUB) enzyme-encoding 
genes has been identified in the human genome (Nijman et 
al., 2005). These enzymes, which are classified as proteases, are 
involved in the removal of ubiquitin from substrate proteins 
and the remodelling of polyubiquitin chains. They can be 
functionally sub-divided into five groups, based on their 
functional domains: the cysteine proteases ubiquitin-specific 
proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), 
ovarian tumour proteases (OTUs) and Josephins, and the family 
of metallo-proteases that harbour a JAMM domain. In addition 
to removing ubiquitin groups from substrates, these proteins 
also process polyubiquitin chains and ubiquitin groups that 
are conjugated to ribosome subunits, which are the inactive 
forms of post-translation ubiquitin protein precursors. When 
processed by DUBs, these proteins yield mature monomeric 
ubiquitin proteins (Reyes-Turcu et al., 2009).

2.3 The recognition of ubiquitin-based modifications
In order to exert an effect on cellular processes, modifications 
with ubiquitin proteins need to be recognized by their 
interacting partners. The proteins that are capable of interacting 
with ubiquitin are the ones that contain ubiquitin-binding 
domains (UBDs), of which at least 20 different varieties have 
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Figure 3. Schematic overview of ubiquitylation.
Initially, ubiquitin is activated with ATP and transferred to the E1 enzyme (a). Then, ubiquitin is transferred to the E2 ubiquitin-conjugating enzyme 
(b), and finally the E2 and E3 enzymes cooperate in the conjugation of ubiquitin to a target protein. Subsequently, the target protein either 
dissociates from the E3 enzyme (d), or the E2 and E3 enzymes mediate the further modification of the target protein (e), which leads to modifications 
such as those depicted in figure 2A-C. Depending on the type of ubiquitin modification, the substrate will either acquire an alternate function or 
localization (f), or be degraded by the proteasome (g). These alternate fates involve proteins that recognize specific ubiquitin modifications with 
their UBD (in this picture denominated as ubiquitin receptors, or UbRs). Figure reconstructed and adapted from Deshaies and Joazeiro (2009).
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been described in over 150 proteins (Chen and Sun, 2009; 
Dikic et al., 2009). Ubiquitin-interacting proteins use different 
structural UBDs to recognize the diverse group of ubiquitin 
modifications discussed above. In addition, the different UBDs 
associate with different moieties on the ubiquitin protein, and 
they form different binding interfaces with these moieties. This 
complicates the theoretical prediction of UBDs in proteins, and 
even more so when considering that certain UBDs preferentially 
interact with polyubiquitin chains that are linked through specific 
lysine residues. DUBs are an example of proteins that need to 
be able to discriminate between linkage types in order to fulfil 
their cellular function. For example, the DUB USP2 associates 
with and cleaves specifically lysine 48- and 63-linked ubiquitin 
chains. In addition, the DUB cylindromatosis (CYLD), which will 
be discussed later in this review, differentiates between linear, 
lysine 63- and 48-linked chains, cleaving only the first two types 
of polyubiquitin conformations (Komander et al., 2009). Finally, 
ubiquitin-interacting proteins can harbour multiple UBDs, and 
the linker regions between them can determine their spatial 
confirmation and consequently their specificity for substrate 
binding (Chai et al., 2004; Sims and Cohen, 2009).

The effects of ubiquitylation on cell signalling have been 
studied in a variety of signalling pathways. In addition to their role 
in stimulating proteolysis, their effects on the signalling effects 
of proteins have been studied in multiple cellular cascades, such 
as the T cell, TNF, NOD-like and RIG-I-like receptor pathways 
inter alia (Chen and Sun, 2009). The Wnt signalling pathway 
is no exception, as many of the components in this pathway 
have been associated with ubiquitin-mediated processes such 
as proteolysis, protein-protein interaction, cellular localization 
and endocytosis. The following sections of this review will be 
dedicated to discussing the roles of ubiquitylation in the direct 
and indirect regulation of β-catenin stability, Frizzled dynamics 
and finally its relevance to human pathogenesis.

3. Ubiquitin and the regulation of β-catenin   
 stability

3.1 The kinases: CK1 & GSK3
As discussed above, the canonical Wnt signalling pathway 
converges on the regulation of cellular β-catenin levels, and 
aberrant β-catenin levels are associated with human disease. 
In the non-activated state of Wnt signalling, the cytoplasmic 
destruction complex binds and ubiquitylates β-catenin, 
leading to its proteasome-mediated proteolysis. This process 
requires the two interdependent kinases CK1 and GSK3β, 
which phosphorylate β-catenin. Phosphorylation is initiated 
by CK1, which targets β-catenin on its serine 45 residue. This 
modification acts as a priming step for the GSK3β-mediated 
phosphorylation of β-catenin on its serine 33, serine 37 and 
threonine 41 residues (Yost et al., 1996; Amit et al., 2002; Liu et 
al., 2002; Yanagawa et al., 2002). 

The CK1 family presents a diverse group of kinases, which 
always phosphorylate substrates on serine and threonine 
residues. Seven members of this family have been identified in 
mammals, which include CK1α, β, γ1, γ2, γ3, δ & ε (Knippschild 
et al., 2005; Price, 2006). Interestingly, the CK1 kinases have 

been implicated in both the positive and negative regulation 
of the Wnt signalling pathway (Saito-Diaz et al., 2013). Positive 
regulation includes the phosphorylation of Dsh/Dvl (Yanagawa 
et al., 1995; Peters et al., 1999; Lee et al., 2001; Gao et al., 2002; 
Cong et al., 2011), LRP6 (Zhang et al., 2006; Zeng et al., 2008), 
TCF/LEF (Kishida et al., 2001; Lee et al., 2001) and Axin (Kishida et 
al., 2001; Gao et al., 2002), while negative regulation includes the 
phosphorylation of β-catenin (Liu et al., 2002; Hämmerlein et al., 
2005), APC (Gao et al., 2002), Axin, and TCF/LEF. In addition, CK1 
activity as well as its phosphorylation state are also regulated by 
Wnt signalling (Swiatek et al., 2004).

The phosphorylation of β-catenin by CK1 and GSK3β leads 
to its ubiquitylation by the E3 ubiquitin ligase β-TrCP, which 
is a component of the SCF RING E3 ligase complex (Fuchs 
et al., 2004). β-TrCP was found to recognize a specific dual 
phosphorylation pattern on β-catenin, also known as the 
destruction motif, which has the structure DpSGφXpS that is 
also found on other ubiquitylated proteins (Winston et al., 1999). 
After binding to β-catenin, β-TrCP induces its ubiquitylation 
at the positions lysine 19 and lysine 49 (Wu et al., 2003). These 
modifications subsequently lead to the recognition of β-catenin 
by the proteasome, thus destroying the protein and keeping its 
cellular levels at a low steady state. Mutations in the destruction 
motif of β-catenin cause the protein to accumulate in the 
cell (Munemitsu et al., 1996; Barth et al., 1997; Pai et al., 1997; 
Rubinfeld, 1997; Sparks et al., 1998). In addition, such mutations 
have been identified in a multitude of cancer cell types, 
illustrating the importance of these residues in the regulation 
of β-catenin levels (Takahashi et al.; Dashwood et al., 1998; de La 
Coste et al., 1998; Iwao et al., 1998; Sparks et al., 1998).

3.2 The scaffolds: APC & Axin
In addition to CK1 and GSK3β, Axin and APC are also components 
of the β-catenin destruction complex. These proteins act as 
scaffolds to the complex as shown by their crystal structures 
when bound to β-catenin and GSK3β (Spink et al., 2000; Dajani 
et al., 2003; Xing et al., 2003), thus identifying them as negative 
regulators of Wnt signalling. Their cellular function and the 
regulation of both proteins will be the next topic of discussion.

3.2.1: Axin
Axin is the least abundant protein and a rate-limiting factor of 
the destruction complex, as has been described in Xenopus (Lee 
et al., 2003) and mammals (Li et al., 2012). This scaffold interacts 
with multiple units of the complex, including β-catenin, APC, 
CK1 and GSK3β (Ikeda et al., 1998; Sakanaka et al., 1999; Liu et 
al., 2002). The low abundance of Axin is probably related to its 
ubiquitin-mediated degradation (Yamamoto, 1999; Mao et al., 
2001; Tolwinski et al., 2003), although its related E3 ligase is yet 
to be identified. The Frizzled co-receptors LRP5/6 are thought 
to be responsible for the downregulation of Axin, although it 
is unknown whether or not the degradation of Axin is needed 
for the initiation of Wnt signalling, and the exact mechanism 
by which this degradation occurs remains elusive. Conversely, 
in case of LRP6-mediated stabilization of β-catenin, GSK3 was 
shown to be the target rather than Axin (Cselenyi et al., 2008). 
In this study, LRP6 is proposed to inhibit the phosphorylation 
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of β-catenin by GSK3β, which prohibits its degradation by the 
proteasome, independent of Axin degradation. This contradicts 
the findings of another study, in which LRP6 was presented as 
the negative regulator of the Axin protein (Kofron et al., 2007). 
Interestingly, an earlier study showed that the degradation of 
Axin is also regulated by its GSK3β-induced phosphorylation, 
which increases the stability of Axin (Yamamoto, 1999). 
Possibly, both mechanisms apply and the regulation of Axin 
by LRP6 and GSK3β occurs through different mechanisms 
(Cselenyi et al., 2008). In addition, APC has also been shown 
to be required for the turnover of Axin. This interaction was 
proposed to increase Wnt pathway robustness, or its ability to 
withstand fluctuations in the environment of the cell and its 
susceptibility to mutations. Following a theoretical analysis of 
experiments with Xenopus egg extracts by Lee et al., the low 
levels of Axin were proposed to stabilize the Wnt pathway 
when fluctuations in the levels of APC occur (Lee et al., 2003). 
In addition to this, the low levels of Axin could isolate the Wnt 
signalling pathway from other pathways. Namely, components 
of the Wnt signalling pathway, such as GSK3β, Dvl and APC are 
involved in other cellular signalling pathways as well. The kinase 
GSK3β, for example, functions in glycogen synthesis, Hedgehog 
signalling, microtubule dynamics and apoptosis in addition to 
Wnt signalling (Forde and Dale, 2007). The low levels of Axin are 
thought to sequester the Wnt pathway from these other cellular 
functions, by not affecting the protein levels of its interactors to 
a degree that would influence their non-Wnt-related functions.

Even though the direct mechanism of Axin downregulation 
by APC and LRP5/6 remains elusive, multiple factors that 
influence the ubiquitylation status of Axin have been identified 
in recent years. One mechanism by which Axin ubiquitylation 
is regulated is SUMOylation. SUMO stands for Small Ubiquitin-
Like Modifier, a ubiquitin-related post-translational polypeptide 
modification that has been implicated in protein subcellular 
localization, turnover and activity (reviewed in (Hay, 2005)). 
The six C-terminal residues (KVEKVD) of the Axin protein have 
been related to this modification and its stability. The two 
lysine residues in this motif are targets of modification by 
three SUMO-1 conjugating E3 enzymes, PIAS1, PIASxβ and 
PIASy. The absence of SUMOylation on these residues leads 
to the increased susceptibility of Axin to be ubiquitylated on 
other regions of the protein in HEK293T cells, as deleting these 
residues increased the total amount of Axin ubiquitylation. In 
addition, absence of SUMOylation on these residues coincided 
with a several fold decrease of Axin half-life compared to the 
wild type protein (Kim et al., 2008).

In search for the E3 ubiquitin ligases responsible for Axin 
ubiquitylation, authors Kim & Jho identified the smad ubiquitin 
regulatory factor 2 (Smurf2). Knockdown of Smurf2 increases 
cellular Axin levels and decreases its ubiquitylation, while 
transient expression of Smurf2 decreased Axin levels and 
increased its ubiquitylation. Axin was found to be ubiquitylated by 
Smurf2 on its lysine 505 residue, and recombinant Axin proteins 
which are mutated at this residue circumvent proteasomal 
degradation (Kim and Jho, 2010). In addition, Smurf2 was found 
to be responsible for the ubiquitylation of GSK3β, which leads 
to its proteasomal degradation and thus to the stabilization of 

β-catenin (Wu et al., 2009). Thus, Smurf2 stimulates canonical 
Wnt signalling by targeting two components of the β-catenin 
destruction complex for degradation.

In another study focusing on Axin stability, the small molecule 
XAV939 was identified as an inhibitor of β-catenin-induced 
gene transcription. This inhibition occurs via the increased 
degradation of β-catenin by the stabilization of Axin. XAV939 
was found to mediate this stabilization by inhibiting the proteins 
tankyrase 1 and tankyrase 2. These proteins are enzymes that 
mediate the poly-ADP-ribosylation (or PARsylation), and possibly 
the ubiquitylation of Axin, which leads to its proteasome-
mediated destruction (Huang et al., 2009a). In addition to this, 
a search for small-molecule inhibitors of Wnt signalling resulted 
in the identification of multiple inhibitors of Wnt response (IWR) 
compounds, of which one, IWR-1, is able to upregulate steady-
state Axin levels through the inhibition of tankyrase proteins 
(Chen et al., 2009; Saito-Diaz et al., 2013). The E3 ubiquitin ligase 
that is responsible for the ubiquitylation of Axin following its 
PARsylation is the ring finger 146 (RNF146) protein, as identified 
by RNAi screening (Callow et al., 2011). RNF146 forms a complex 
with Axin and tankyrase, recognizing PARsylation through its 
WWE domain (associated with ubiquitylation and PARsylation) 
(Zhang et al., 2011c). Interestingly, the activity of tankyrase leads 
to the degradation of RNF146, and vice versa. RNF146 is thought 
to cause the (auto-)ubiquitylation of Axin, tankyrase and itself 
via tankyrase-mediated PARsylation (Callow et al., 2011). Thus, 
tankyrase and RNF146 cooperate in the downregulation of Axin. 

In addition to these negative regulators, a DUB for Axin has 
also been identified. Ubiquitin-specific protease 34 (USP34) 
was shown to be a positive regulator of Axin stability which 
functions downstream of the β-catenin destruction complex 
(Lui et al., 2011). USP34 opposes the ubiquitylation of Axin 
via tankyrase, and thus this regulator could very well be the 
factor that opposes the RNF146-mediated ubiquitylation and 
degradation of Axin. 

3.2.2 APC
The APC protein is not only involved in Wnt signalling, but 
also in other cellular functions such as cell migration, division 
and apoptosis. However, these different functions most likely 
depend on different subcellular populations of APC (Faux et al., 
2008). This idea is supported by studies showing that there is 
a notable difference between the behaviour of tumours with 
APC mutations affecting its role in β-catenin degradation, 
and those with wild type APC and hyperactivated β-catenin 
(Samowitz et al., 1999; Harada et al., 2002; Haigis et al., 2004; 
Gounari et al., 2005). Interestingly though, the role of APC in Wnt 
signalling remains elusive. Although many studies have linked 
APC to the degradation of β-catenin, the exact mechanism by 
which APC functions in the destruction complex is currently 
unknown. At least six non-mutually exclusive mechanisms 
have been proposed, which generally include the regulation 
of the subcellular localization of β-catenin and the destruction 
complex, as well as indirectly regulating the phosphorylation 
status of β-catenin. It is likely that, in a fashion similar to the 
function of the kinases CK1 and GSK3, APC will be involved in 
multiple steps of the Wnt signalling pathway (Saito-Diaz et al., 
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2013). Notably, the oligomerization of Axin has been linked to 
the regulation of cellular APC levels (Choi et al., 2004). These 
results, combined with the earlier discussed regulation of 
Axin by APC, lead to the conclusion that APC and Axin cross-
regulate each other’s turnover. Interestingly, the inactivation 
of APC and the subsequent activation of Wnt signalling can be 
compensated by the overexpression of Axin (Lee et al., 2003). 
In accordance, the overexpression of APC in which the Axin-
binding domain was deleted, a mutation that often occurs 
during carcinogenesis, was found to be more effective in 
promoting β-catenin degradation than wild type Axin (Hart et 
al., 1998). An explanation for these results could be the model in 
which APC and Axin balance the steady state levels of β-catenin, 
even when either of these proteins is abnormally expressed (Lee 
et al., 2003).  

Contrary to the role of APC in β-catenin degradation, some 
mechanistic information is available on the factors that 
regulate the post-translational modification of APC. Notably, 
APC is ubiquitylated and subsequently degraded by the 
proteasome, and this process is inhibited by Wnt signalling. Axin 
overexpression was shown to further increase the degradation 
rate of APC (Choi et al., 2004). Recently, HectD1 was identified as 
an E3 ubiquitin ligase that is responsible for the ubiquitylation 
of APC (Tran and Polakis, 2012; Tran et al., 2013). HectD1 couples 
lysine 63–linked polyubiquitin chains to APC, which negatively 
regulate Wnt signalling by promoting complex formation by 
APC and Axin. Currently, the manner in which this interaction 
is promoted by lysine 63-linked polyubiquitylation, as well 
the factors regulating HectD1 within the Wnt pathway, are 
unknown. However, an APC-targeting DUB that counteracts the 
HectD1-mediated ubiquitylation of APC has been identified. 
TRAF-binding domain-containing protein, or Trabid, is a factor 
that was identified as a positive regulator of Wnt signalling 
in Drosophila and mammals. Trabid was initially shown to 
preferably bind and cleave lysine 63–linked polyubiquitin 
chains, and its activity is required for proper Wnt-induced, TCF-
mediated gene transcription. In addition, Trabid binds to and 
deubiquitylates APC, but it acts downstream of the destruction 
complex (Tran et al., 2008). While Trabid specificity for lysine 
29 –and lysine 33–linked polyubiquitin chains was shown in 
vitro (Licchesi et al., 2012), in vivo experiments indicate that 
Trabid cleaves lysine 63–linked chains as well. It is likely that the 
specificity of Trabid polyubiquitin chain–binding as well as its 
DUB activity is regulated by other, currently unknown factors 
(Tran et al., 2013). 

In addition to regulating complex formation by APC and 
Axin, ubiquitylation also regulates the turnover of APC. The E3 
ligase that is responsible for this ubiquitylation has, however, 
not yet been identified. In contrast, a DUB that counteracts the 
degradation of APC has been found. The COP9 signalosome 
(CSN) regulates Cullin-RING E3 ubiquitin ligases (CRLs), and 
cooperates with the destruction complex in the degradation 
of β-catenin. Knockdown of the CSN was found to lead to the 
degradation of APC in colorectal cancer cell lines (Huang et al., 
2009b). In a wild type situation, APC is stabilised by the DUB 
ubiquitin-specific protease 15 (USP15), which is associated with 
the CSN. In addition, the CSN mediates the deneddylation of 

cullin proteins, which are scaffolding components of the CRLs. 
The modification of cullins with Nedd8, one of the ubiquitin-
like proteins, inhibits the activity of CRL complexes. Thus, the 
CSN regulates both APC stability via the DUB USP15 and CRL 
complex activity via cullin deneddylation (Huang et al., 2009b). 

In addition, the HECT E3 ubiquitin ligase and tumour 
suppressor E3 isolated by differential display, or EDD, interacts 
with APC and stabilizes its protein levels, leading to the 
breakdown of β-catenin. Interestingly, overexpression of EDD 
not only increased APC protein levels, but also those of Axin 
(Ohshima et al., 2007). In contrast, EDD also modifies β-catenin 
with lysine 11 and lysine 29–linked polyubiquitin chains, which 
increases its stability (Hay-Koren et al., 2011). Lysine 11–linked 
polyubiquitin chains are abundant in S. cerevisiae (Peng et al., 
2003), and this modification occurs as often as lysine 48–linked 
chains, making up as much as 30% of the total cellular ubiquitin 
content (Xu et al., 2009). Also, lysine 11–linked polyubiquitin 
chains are involved in cell signalling as well as promoting the 
proteasomal breakdown of cell cycle regulators, inter alia 
(Bremm and Komander, 2011). However, whether EDD promotes 
or inhibits Wnt signalling through the lysine 11 and lysine 29–
linked polyubiquitylation of β-catenin and APC, or possibly both 
by different protein interactions and modifications, remains 
unclear. 

3.3 Additional factors involved in the regulation of 
 β-catenin turnover
In addition to the previously discussed factors that regulate 
β-catenin turnover, recent studies have implicated novel 
interactors in this process. For example, the protein casitas 
B-lineage lymphoma (c-Cbl) was identified as a novel RING-
type E3 ubiquitin ligase that targets β-catenin. Contrary to 
β-TrCP, c-Cbl targets β-catenin during both the Wnt-on and 
Wnt-off phases. The dimerization of c-Cbl is required for its 
interaction with β-catenin, and Wnt signalling was found to 
promote c-Cbl dimerization and translocation to the nucleus 
in endothelial cells. Both in the cytoplasm and in the nucleus, 
dimerized c-Cbl binds the armadillo repeat motif of active 
β-catenin and mediates its ubiquitylation, which subsequently 
leads to its proteasome-mediated degradation. Interestingly, 
the ubiquitylation of β-catenin by c-Cbl is GSK3β-independent, 
in contrast to β-TrCP-mediated β-catenin ubiquitylation. The 
activity of c-Cbl attenuates Wnt signalling in endothelial cells, 
and it was shown to inhibit the expression of Wnt-target genes 
that are involved in angiogenesis (Chitalia et al., 2013). Thus, 
c-Cbl was proposed to fulfil a dual role in Wnt signalling (see 
Figure 4): during the Wnt-off phase, this E3 ubiquitin ligase 
cooperates with the destruction complex to effectively mediate 
the degradation of β-catenin. During the Wnt-on phase, c-Cbl 
might function as an attenuator of β-catenin-induced gene 
expression, and it could also be involved in the controlled 
inhibition of β-catenin activity to prevent its hyperactivation. 
Further research should elucidate whether these are indeed the 
roles of c-Cbl in Wnt signalling, and whether the same functions 
are applicable in cell types other than those of the endothelium. 

In addition to c-Cbl, focal adhesion kinase-family-interacting 
protein of 200 kDa (FIP200) was recently shown to interact with 
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β-catenin (Choi et al., 2013). Interestingly, FIP200 also induces 
the ubiquitylation-dependent degradation of β-catenin in 
an APC-independent manner. Surprisingly, though, a mutant 
isoform of β-catenin that cannot be phosphorylated on its 
serine 33 residue is only scarcely targeted by FIP200. Thus, 
FIP200-mediated degradation of β-catenin is most likely GSK3β-
dependent. In addition, the activity of FIP200 depends on its 
interaction with β-TrCP, which comes as a surprise given the 
independence of its function on APC. Two ubiquitin-binding 
motifs (UBMs) in the C- and N-termini of FIP200 could suggest 
that FIP200 acts as an adaptor protein in the ubiquitylation and 
degradation of β-catenin. This idea is further supported by the 
increase in ubiquitylation observed to coincide with FIP200-
dependent degradation of β-catenin, and the fact that FIP200 
has been shown to function as an E3 ubiquitin ligase scaffold in 
the TGF-β signalling pathway (Koinuma et al., 2011). Interestingly, 
FIP200 has also been implicated in the stabilization of p53, the 
degradation of cyclin D1 and the induction of autophagy. It 
will be interesting to assess how these multiple roles of FIP200 
regulate cellular behaviour in conjunction with Wnt signalling, 
especially when considering that FIP200 has been implicated in 
tumour suppression (Chano et al., 2002; Melkoumian et al., 2005; 
Choi et al., 2013).

Recently, the ubiquitin-modifying enzyme A20 has also been 
implicated in β-catenin degradation. A20 has previously been 
shown to contain both an OTU domain for DUB, and a zinc 
finger (ZF) domain for E3 ubiquitin ligase activity. This DUB 
activity includes the removal of lysine 63-linked polyubiquitin 

chains, and the ZF domain mediates conjugation of lysine 
48-linked polyubiquitin chains to substrates. In addition, 
both of these activities were previously shown to regulate 
NFκB signalling (Wertz et al., 2004). Interestingly, A20 is often 
expressed at reduced levels in adenomas of the colon, and 
the frequency of mutations in the gene encoding this protein 
occurring in B cells has suggested that it functions as a tumour 
suppressor (Malynn and Ma, 2009; Shao et al., 2013). In cells 
of the intestinal epithelium, A20 interacts with the β-catenin 
destruction complex, which leads to the promotion of β-catenin 
ubiquitylation and degradation. In agreement with these 
findings, the inactivation of A20 leads to increased expression 
of the Wnt-target genes and cell cycle regulators cyclin D1 and 
c-Myc (Shao et al., 2013), the latter of which will be discussed in 
more detail further on in this review. Thus, although the exact 
mechanism by which A20 influences destruction complex-
mediated ubiquitylation and degradation of β-catenin, this 
protein could be an interesting subject for further research due 
to its dual ubiquitin-editing activities.  

While not directly associated with the stability of β-catenin, 
the Fanconi anemia, complementation group L (FANCL) protein 
has been implicated in β-catenin activity (Dao et al., 2012). The 
15 different FANC proteins are primarily associated with the 
DNA damage response, and their aberrant expression and/or 
activity leads to Fanconi anemia, a genetic disease that leads 
to bone marrow failure and different types of cancer inter alia. 
The 15 FANC proteins function in a large complex, the function 
of which converges on the E3 ubiquitin ligase activity of FANCL 
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(Moldovan and D’Andrea, 2009). While the inactivation of 
this complex has been linked to complications in the cellular 
DNA damage response mechanism, the direct link of FANCL 
inactivation to the failure of hematopoietic stem cell regulation 
had not previously been elucidated. Dao et al. recently 
demonstrated that FANCL is responsible for the modification 
of β-catenin with lysine 11-linked polyubiquitin chains. This 
modification was found to increase the ability of β-catenin to 
promote transcription via its nuclear interactor LEF. In addition, 
the inactivation of FANCL results in the diminished ability 
of β-catenin to stimulate the expression of the Wnt targets 
cyclin D1 and c-Myc (Dao et al., 2012). These are interesting 
findings, especially when taking into account that the effects 
of such atypical ubiquitin modifications have often not, or only 
marginally, been characterized in cellular processes, as will be 
address further on in this review as well. 

A mechanism similar to that of the previously discussed 
protein c-Cbl is found in the activity of E3 ubiquitin ligase 
gene for apoptosis and differentiation in epithelia (jade-1). 
This protein is predominantly expressed in the kidneys and 
has been implicated in the development of renal cancer as a 
tumour suppressor. Like c-Cbl, jade-1 ubiquitylates β-catenin 
during both the on –and off-phase of canonical Wnt signalling. 
The jade-1-mediated ubiquitylation of β-catenin is dependent 
on phosphorylation of β-catenin by GSK3β (Chitalia et al., 2008). 
Jade-1 is translocated to the nucleus by the nephrocystin-4 
protein (NPHP4), which also promotes its stabilization (Borgal 
et al., 2012). In addition, the Von Hippel-Lindau protein (pVHL), 
also an E3 ubiquitin ligase, is also required for the stabilization 

of jade-1, as well as its ubiquitylation of β-catenin. Mutations 
in pVHL are often identified as a major cause of renal cancer. 
Thus, the reported hyperactivation of canonical Wnt signalling 
in renal carcinogenesis might be due to the destabilization of 
jade-1 upon the mutational inactivation of pVHL (Zhou et al., 
2002; Chitalia et al., 2008).

3.4 The inhibition of the β-catenin destruction complex
Following the initiation of Wnt signalling by the binding of Wnt 
to Frizzled, the cytoplasmic destruction complex is inactivated, 
allowing β-catenin to escape β-TrCP-mediated ubiquitylation 
and destruction by the proteasome. The manner in which the 
destruction complex, and especially the phosphorylation by 
GSK3β, is inhibited by activation of the Frizzled receptor is 
still under debate. Different models have been put forward to 
explain how β-catenin is protected from degradation by Wnt 
signalling, among which the most prominent are (Li et al., 2012; 
Saito-Diaz et al., 2013):

1) Disassembly of the destruction complex by recruitment of 
Axin and GSK3β by Dvl;
2) Phosphorylation of GSK3β at its serine 9 residue, leading to 
its inhibition;
3) Migration of the destruction complex to the cell cortex via 
LRP6 phosphorylation by CK1 and GSK3β and the Dvl-Frizzled 
interaction, creating a docking site for Axin and leading to the 
inhibition of GSK3β;
4) The degradation of Axin;
5) Inhibition of GSK3β by its transport to endosomes, specifically 
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multivesicular bodies (MVBs), sequestering it from proteins such 
as β-catenin;
6) The dephosphorylation of β-catenin by PP2A (Su et al., 2008).

In contrast to these theories, which are based on the 
disassembly of the destruction complex or the interference with 
β-catenin phosphorylation, a recent article proposes a different 
mechanism of destruction complex inhibition (see Figure 5). 
Li et al. postulated that β-catenin is not only phosphorylated, 
but also ubiquitylated and degraded by the proteasome within 
an intact Axin complex (Li et al., 2012). In this study, there was 
no observation of inhibited phosphorylation of β-catenin by 
CKI and GSK3β, or disassembly of the destruction complex 
upon the initiation of Wnt signalling. In the model that was put 
forward by Li et al., inhibition of β-catenin ubiquitylation results 
in the accumulation of phosphorylated β-catenin within the 
destruction complex, which ultimately leads to its saturation. 
Subsequently, β-catenin which is continually synthesized will 
not be incorporated in the destruction complex and be free to 
regulate gene transcription within the nucleus. Interestingly, 
the observations presented in this study were made using 
endogenous Axin levels. Considering the fact that Axin is 
expressed at rather low levels compared to the other proteins of 
the destruction complex, studying the dynamics of this complex 
is likely most reliable at endogenous Axin levels (Li et al., 2012). 
In contrast to this study, it has also recently been observed that 
Wnt signalling inhibits the degradation of β-catenin upstream 
of, or coinciding with its phosphorylation steps (Hernández 
et al., 2012). These conflicting results show that the inhibition 
of the destruction complex is most likely a complicated step 
in the Wnt regulation pathway, and it is feasible that multiple 
mechanisms of inhibition are involved.

3.5 The signalling hub: dishevelled 
The cytoplasmic protein dishevelled is an adaptor that is 
involved in Wnt-induced signal transduction. When originally 
discovered in Drosophila, mutations in the dsh gene were 
found to convey the same developmental abnormalities as wg 
mutations (Klingensmith et al., 1994). Three separate genes, 
namely Dvl1, Dvl2 & Dvl 3, encode the vertebrate homologs 
of Dvl. Their products play overlapping and interdependent 
roles in Wnt signalling (Sussman et al., 1994; Yang et al., 1996; 
Semënov and Snyder, 1997; Lee et al., 2008). Upon the initiation 
of Wnt signalling by binding of Wnt to Frizzled and LRP5/6, Dvl 
is recruited to the cytoplasmic compartment of this receptor 
complex and phosphorylated by CK1 (Yanagawa et al., 1995; 
Yang-Snyder et al., 1996; Semënov and Snyder, 1997; Peters et 
al., 1999; Rothbächer et al., 2000; Umbhauer et al., 2000; Wong 
et al., 2003). This phosphorylation, however, was shown to be 
independent of LRP5/6 function (González-sancho et al., 2004). 
In addition, Dvl is thought to function upstream of LRP6 in the 
Drosophila Wnt pathway (Tolwinski et al., 2003), and Dsh can 
activate Wnt signalling via β-catenin in an Arrow (the Drosophila 
LRP5/6 homolog)-independent manner (Wehrli et al., 2000). As 
discussed previously, the exact role of Dvl in Wnt signalling has 
not yet been elucidated. However, multiple functional domains 
have been identified in the Dvl protein. The Dishevelled, Egl-10 

and Pleckstrin (DEP) domain, which is located towards the Dvl 
C-terminus, is involved in the binding of Frizzled, an interaction 
that is strengthened by the association with phospholipids 
(Wong et al., 2000; Simons et al., 2009). In addition, the Dvl DEP 
domain is needed for the induction of PCP-signalling via Frizzled 
(Axelrod et al., 1998; Simons et al., 2009), illustrating that Dsh/Dvl 
can act as a switch between different pathways induced by Wnt 
signalling. The N-terminal Dishevelled and Axin (DIX) domain, 
which is present in both proteins, mediates their hetero –and 
homodimerization (Rothbächer et al., 2000; Schwarz-Romond 
et al., 2007; Metcalfe et al., 2010; Tauriello et al., 2012). Finally, 
the central Post-synaptic density-95, Discs-large and Zonula 
occludens-1 (PDZ) domain is also required for the binding of Dvl 
to Frizzled (Semënov and Snyder, 1997; Umbhauer et al., 2000; 
Wong et al., 2003), and in addition it mediates the interaction 
of Dvl with a large number of other proteins such as kinases, 
phosphatases and adaptor proteins (Lee et al., 2008). Dvl has 
been shown to regulate different processes that are connected 
with the Frizzled/LRP-5/6 receptor complex. For example, Dvl is 
required for the phosphorylation of LRP6 upon Wnt signalling, 
leading to the recruitment of Axin, and the clustering of the 
receptor complex (Bilic et al., 2007; Metcalfe et al., 2010). 
Clustering of LRP-5/6 is facilitated by the generation of PIP2 by 
PI4KIIa and PIP5KI, which are both proteins that are bound and 
activated by Dvl (Pan et al., 2008). Finally, Dvl is required for the 
internalization of Frizzled, which is mediated by the recruitment 
of the Clathrin adapter AP-2 (Chen et al., 2003; Yu et al., 2007). 

3.5.1 Dvl ubiquitylation
In addition to the previously discussed Wnt pathway 
components, the function and stability of Dvl are also regulated 
by ubiquitylation. Compared to these other components, many 
ubiquitin E3 ligases have been implicated in the ubiquitylation 
of Dvl. The role of these currently known regulators of Dvl 
ubiquitylation will be discussed below.

First off, the HECT type E3 ubiquitin-protein ligase HECW1 
(NEDL1) was identified in a search for proteins related to familial 
amyotrophic lateral sclerosis (FALS). NEDL1 was found to bind 
Dvl1 via its C-terminal compartment, including the DEP domain 
and three proline-rich clusters that are only found in mammalian 
Dvl1. The ubiquitylation and subsequent degradation of Dvl1 
is likely mediated by NEDL1 (Miyazaki et al., 2004). However, 
except for this study, which uses overexpression methods, no 
information is available on the interaction of NEDL1 and Dvl1. 
In addition, NEDL1 is mostly expressed in neuronal tissues, and 
thus the significance of NEDL1 as a Wnt regulator is yet to be 
established by follow-up studies.

Another ubiquitin E3 ligase of Dvl was identified by mass 
spectrometry in a co-immunoprecipitating protein complex 
associated with Dvl. The Kelch-like 12 (KLHL12) E3 ubiquitin 
ligase was found to mediate Dvl ubiquitylation, which targets 
the latter for proteasomal degradation (Angers et al., 2006). 
KLHL12 is a Broad Complex/Tramtrack/Bric à Brac (BTB) domain-
containing protein. There are many proteins that carry this 
domain, but to date only two substrates for BTB proteins have 
been identified in mammals (Cullinan et al., 2004; Kobayashi 
et al., 2004; Zhang et al., 2004; Furukawa and Xiong, 2005; 
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Hernández-Muñoz et al., 2005). The BTB domain in KLHL12 
is required for its interaction with Cullin-3, which is a scaffold 
protein that functions in this Cullin-RING type ubiquitin ligase 
complex. The substrate specificity proteins for this type of 
ligase complex are members of the BTB-domain protein family 
(Pintard et al., 2003; Furukawa et al., 2003; Krek, 2003; Xu et al., 
2003). The Kelch domain of KLHL12 was shown to be required 
for the interaction with the C-terminal region of Dvl. The 
interaction of KLHL12 with Dvl was shown to be stimulated by 
Wnt signalling, which appoints KLHL12 as yet another negative 
feedback component of this pathway. However, the manner in 
which KLHL12 is regulated is yet to be elucidated.

Recently, another protein that interacts with Dvl was 
identified. The Nedd4-like itchy E3 ubiquitin protein ligase 
(ITCH) was shown to be an inhibitor of Wnt signalling. This 
inhibition is achieved by the lysine 48–linked polyubiquitylation 
of Dvl2, which leads to its proteasome-mediated degradation. 
Notably, a prerequisite for this ubiquitylation is that Dvl2 is 
phosphorylated. The Dvl DEP domain and PPXY motif are needed 
for the interaction between Dvl-2 and ITCH. The PPXY domain is 
present in the C-termini of all three human Dvl proteins (Wei et 
al., 2012), and it is preferably targeted for binding by the WW 
domains of HECT ubiquitin E3 ligases (Bernassola et al., 2008). 

Inversin, which was initially found to be one of the genes 
that are often mutated in the autosomal recessive cystic kidney 
disease nephronophthisis type 2 (Otto et al., 2003), is thought 
to be a molecular switch between different Wnt pathways. This 
has been suggested in relation to results from overexpression 
studies, which indicate its role in the degradation of cytoplasmic, 
but not cortical Dvl1. This idea is further supported by the fact 
that inversin can promote the initiation of non-canonical Wnt 
signalling. The latter was shown by demonstrating the role of 
inversin in convergent extension movements in Xenopus laevis 
embryos, in which the protein acts through a pathway similar 
to Drosophila PCP signalling (Simons et al., 2005). In addition, 
inversin was found to interact with anaphase-promoting 
complex subunit 2 (ANAPC2). This protein is a component of the 
anaphase-promoting complex, also known as the cyclosome 
(APC/C), which is a large, 13-subunit E3 RING-Cullin ubiquitin 
ligase and a major regulator of the cell cycle (Morgan et al., 
2002; Barford, 2011). Subsequently, an interaction between 
Dvl and ANAPC2 was shown to occur via the DEP domain of 
Dvl. Also, the APC/C complex was shown to be required for 
the ubiquitylation and subsequent proteasome-mediated 
degradation of Dvl, which leads to the inhibition of canonical 
Wnt signalling (Ganner et al., 2009).

More recently, the HECT E3 ubiquitin ligase neural precursor 
cell expressed, developmentally down-regulated 4-like 
(NEDD4L, alternatively NEDD4-2) has been implicated in the 
ubiquitylation and degradation of Dvl2 (Ding et al., 2013). 
NEDD4L induces the lysine 6, lysine 27 and lysine 29–linked, 
but interestingly enough not the proteasomal degradation-
associated lysine 48–linked polyubiquitylation of Dvl2. Similar to 
the E3 ubiquitin ligase ITCH which was discussed earlier, NEDD4L 
contains four WW domains which allow for its association with 
the PPXY motif, which is likely to mediate its binding to Dvl2. 
NEDD4L phosphorylation by c-Jun N-terminal kinase 1 (JNK1), 

a component of the mitogen-activated protein kinase (MAPK) 
signalling pathway, is required for NEDD4L to ubiquitylate 
Dvl2. In addition, signalling induced by Wnt5a stimulates this 
phosphorylation step. This connection possibly constitutes 
another negative feedback loop in the Wnt signalling pathway. 

In addition, the NEDD4L-related HECT E3 ubiquitin 
ligase NEDD4 was shown to mediate the ubiquitylation 
and degradation of Dvl1 (and possibly Dvl2, according to 
unpublished data mentioned in Ding et al. (2013)) (Nethe et al., 
2012; Ding et al., 2013). In this study by Nethe et al., the activity of 
Dvl1 was related to the inhibition of cell-cell contacts (Elbert et 
al., 2006), but not specifically to Wnt signalling. NEDD4 binds, in 
a fashion similar to NEDD4L, to the DEP domain of Dvl1 through 
its WW domains. Ubiquitylation occurs at a region rich in lysine 
residues that is located between the Dvl1 DIX and PDZ domains. 
NEDD4 is thought to cooperate with Rac1, which indirectly 
stimulates actin polymerization and as such influences the 
establishment of cell-cell contacts (Watanabe et al., 2009), in 
the ubiquitylation and downregulation of Dvl1. However, the 
influence of this process on canonical Wnt signalling is currently 
unknown. 

In human hepatocellular carcinoma cells (HPCs), the 
protein prickle-1 was shown to interact with Dvl3. Prickle-1 
downregulates Wnt signalling by mediating the ubiquitylation 
of Dvl3, which leads to its degradation (Chan et al., 2006). This 
interaction occurs through the WW domain of prickle-1 and 
the destruction motif (arginine-x-x-leucine) of Dvl3, which is 
located in the DEP domain. In HPCs, insufficient expression of 
prickle-1 leads to the overexpression of Dvl3 and an increase 
in cell growth. Thus, prickle-1 is another interesting factor in 
the regulation of the Wnt signalling pathway by mediating the 
turnover of Dvl.

Activation of AMP-activated protein kinase (AMPK) has 
the ability to suppress cell growth through the inhibition of 
canonical Wnt signalling. This inhibition is mediated by the 
degradation of Dvl3 via the proteasome system (Kwan et al., 
2013). Which ligases are responsible for this degradation is 
currently unknown.

Down syndrome critical region protein 5 (Dscr-5) is a strongly 
conserved protein that is often mutated in Down syndrome 
patients. In Danio rerio and Xenopus laevis embryos the 
knockdown of dscr5 leads to the degradation of Dishevelled by 
ubiquitylation and the proteasome system (Shao et al., 2009). 
Whether this is also applicable in humans is yet to be established.

The Drosophila naked cuticle protein, and its vertebrate 
homologs NKD1 and NKD2, have all been implicated in the 
inhibition of Wnt signalling. NKD2-induced inhibition is 
dependent on its myristoylation, which is a post-translational 
modification that targets proteins to the plasma membrane. 
NKD2 was found to interact with ubiquitylated Dvl1, which 
leads to the enhanced polyubiquitylation and degradation of 
both proteins (Hu et al., 2010). In Danio rerio the Nkd1 homolog 
is involved in the degradation of Dvl (Schneider et al., 2010), and 
it binds to β-catenin to prevent its accumulation in the nucleus, 
a function that is conserved in mammals (Van Raay et al., 2011). 
In addition, the inhibition of Wnt signalling by NKD1-mediated 
Dvl1 degradation is also a likely function in human cells (Zhang 
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et al., 2011a). However, whether this degradation occurs via 
ubiquitylation and the proteasome system has not yet been 
established.

Malin is another negative regulator of Wnt signalling. The 
gene encoding this protein is mutated in ~40% of Lefora 
disease patients, which is an autosomal recessive disorder 
associated with progressive myoclonus epilepsy. Malin 
interacts with and downregulates Dvl2 protein levels. This 
downregulation is mediated by the lysine 48- and lysine 
63-linked polyubiquitylation of Dvl2 in vivo, which probably 
leads to the autophagy and/or proteasomal degradation of 
the protein (Sharma et al., 2012). Autophagy has been shown 
to regulate Dvl1, Dvl2 and Dvl3 degradation. The previously 
discussed E3 ubiquitin ligase pVHL binds to Dvl2 via its DEP 
domain and induces Dvl2 ubiquitylation, which leads to the 
autophagy of Dvl2. The significance of these results to canonical 
Wnt signalling remain to be established, especially considering 
that these experiments were conducted under conditions of 
starvation (Gao et al., 2010).

3.5.2 Dvl-targeting DUBs 
In addition to the vast array of Dvl interactors that mediate 
its ubiquitylation and degradation, DUBs that target Dvl 
have been identified as well. Encoded by the cylindromatosis 
gene, the CYLD protein was shown to be a negative regulator 
of canonical Wnt signalling (Tauriello et al., 2010). CYLD was 
initially identified as a tumour suppressor (Bignell et al., 2000), 

and its mutation leads to the hyperactivation of Wnt signalling 
both in cultured and primary tumour cells. CYLD was further 
shown to act as a lysine 63–linked polyubiquitin chain regulator 
of Dvl. This de-ubiquitylation occurs in the DIX domain of 
Dvl, thus possibly influencing its ability to polymerize and to 
interact with proteins that mediate processes such as Frizzled 
endocytosis and downstream signalling (see figure 6 for the 
proposed model) (Schwarz-Romond et al., 2007; Yu et al., 2007; 
Tauriello et al., 2010). Which E3 ubiquitin ligase mediates the 
ubiquitylation of Dvl with the lysine 63–linked polyubiquitin 
chains that are affected by CYLD is yet to be discovered. Thus far, 
the only candidate discussed above would be Malin, which was 
shown to enhance this type of ubiquitylation of Dvl2 (Sharma 
et al., 2012).

Recently, mutations in the gumby (previously Fam105b) gene 
were shown to cause aberrant angiogenesis phenotypes during 
embryonic development in mice. The gumby protein was 
found to be an OTU-domain containing DUB that interacts with 
Dvl2 via its N-terminus. Notably, this DUB specifically targets 
linear polyubiquitin chains and associates with RNF31, which 
is involved in the construction of linear polyubiquitin chains 
via the linear ubiquitin assembly complex (LUBAC). Although 
gumby and LUBAC were shown to modulate canonical Wnt 
signalling by increasing and respectively decreasing the levels 
of Dvl2 protein and TCF/LEF-induced gene activation, their 
exact mechanisms of action in relation to this pathway remain 
to be determined (Rivkin et al., 2013). 
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Figure 6. Schematic representation of CYLD function in Wnt signalling.
(Left panel) In a wild type situation, CYLD mediates the cleavage of lysine 63-linked polyubiquitin chains that are conjugated to the DIX domain of 
Dvl. In the absence of these chains, Dvl no longer recruits the destruction complex to the cell membrane. Thus, in this model CYLD is involved in the 
attenuation of Wnt signalling. (Right panel) When cyld expression is knocked down, lysine 63-linked polyubiquitin chains are conjugated to the DIX 
domain of Dvl, which allows for the recruitment and inhibition of the destruction complex. This subsequently leads to the accumulation of β-catenin 
and an enhanced Wnt signalling response. Figure based on the model described in Tauriello et al. (2010).
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Finally, USP14 was recently identified as a positive regulator of 
canonical Wnt signalling. In contrast to the deletion of CYLD, the 
inhibition of USP14 leads to impaired signalling downstream of 
Dvl (Tauriello et al., 2010; Jung et al., 2013). Interestingly, in both 
cases inactivation leads to the accumulation of polyubiquitin 
chains on Dvl. USP14 was identified as a DUB that is associated 
with a C-terminal Dvl regulatory domain of ubiquitylation (RDU), 
the deletion of which leads to the accumulation of lysine 63–
linked polyubiquitin chains. In addition, the study shows that 
there is a correlation between the levels of USP14 and β-catenin 
in colon cancer cells. Possibly, the RDU is a domain that interacts 
with USP14 to mediate the regulation of lysine 63–linked 
polyubiquitin chains on Dvl. This de-ubiquitylation of Dvl was 
shown to be required for its subsequent phosphorylation and 
the activation of downstream signalling (see Figure 7 for the 
proposed model) (Jung et al., 2013).

In conclusion, many interactors of Dvl have been identified, 
including a variety of E3 ubiquitin ligases and DUBs. However, 

many of these proteins have been identified only recently, which 
explains why possible connections between these regulators 
are yet to be established. It will be interesting to see which of 
these modifiers of Dvl ubiquitylation are ubiquitously involved 
in canonical Wnt signalling, and which serve different, possibly 
more tissue-specific functions.

4. Ubiquitylation and the regulation of 
 Wnt receptors

4.1 Frizzled and its co-receptors
In order for an intracellular signalling cascade to be initiated, 
Wnt ligands that are present in the surrounding milieu of the 
cell need to be recognized by membrane-bound receptors. 
The main Wnt receptors are those of the Frizzled family, which 
consists of G-protein-coupled receptor (GPCR)-like proteins that 
contain seven transmembrane domains (Bhanot et al., 1996; 
Hsieh et al., 1999). In accordance with their GPCR-like structure, 
some studies have suggested that G proteins, which mediate 
the intracellular signalling initiation for GPCRs, are involved in 
Wnt signalling (Katanaev et al., 2005; Liu et al., 2005; Jernigan 
et al., 2011). However, the mechanisms by which they act 
upon receptor activation by Wnt remain elusive. In addition 
to Frizzled, the vertebrate co-receptors LRP-5/6 (or the single 
homolog Arrow in Drosophila (Wehrli et al., 2000)) are involved in 
the initiation of Wnt signalling. LRP-5 and LRP6 are the partially 
redundant co-receptors that associate with Frizzled upon Wnt 
binding (Pinson et al., 2000; Tamai et al., 2000). Intriguingly, the 
C. elegans genome contains homologs for the frizzled receptor 
and dishevelled adaptor for example, but an LRP/Arrow-like 
co-receptor has not been identified. This might suggest that 
different mechanisms of signalling cascade initiation upon 
Wnt activation have emerged during evolution (Phillips and 
Kimble, 2009). Although the structures of LRP5 and LRP6 are 
very similar, their roles during animal development are possibly 
divergent (He et al., 2004; Mi and Johnson, 2005). In addition, 
the affinity of the LRPs for the different Wnt molecules varies 
between them (Bourhis et al., 2010; Chen et al., 2011). Upon the 
activation of frizzled and its co-receptors phosphatidylinositol 
(4,5)-biphosphate (PIP2), a membrane phospholipid important 
in different signalling cascades, is produced. This production 
of PIP2 is required for the subsequent clustering of LRP-5/6, 
their phosphorylation and interaction with Axin, and thus the 
initiation of the Wnt signalling pathway (Baig-Lewis et al., 2008; 
Pan et al., 2008). In addition, it has been demonstrated that LRP6 
is internalized via the caveolin pathway upon the initiation of 
Wnt signalling, and interestingly, this internalization is required 
for the accumulation of β-catenin (Yamamoto et al., 2006).

The expression levels of the Wnt (co-)receptors at the 
plasma membrane are tightly regulated. The role of ubiquitin 
modifications in this context has long remained elusive, but it 
has received increasing attention over recent years. This section 
will cover the various mechanisms in which the Wnt receptors 
are regulated by ubiquitylation. Other Wnt receptor-related 
topics like the various Wnt agonists and antagonists, the post-
translational modification of Wnt molecules to enable their 
signalling activity, and the mode of interaction between these 
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Figure 7. Schematic representation of USP14 function in Wnt 
signalling.
In the absence of Wnt ligand, Dvl expression is kept at a steady state 
level via its lysine 48-linked polyubiquitylation and degradation (not 
shown). During the Wnt-on phase, lysine 63-linked polyubiquitin 
chains are conjugated to Dvl by an unknown E3 ubiquitin ligase. 
These modifications induce a conformational change in Dvl by linking 
its DEP and RDU domains, which in turn allows for Usp14 to bind Dvl. 
Usp14 cleaves the lysine 63-linked polyubiquitin chains conjugated 
to Dvl, which reverts the conformational change and allows for Dvl 
phosphorylation to occur. Subsequently, this activated variant of Dvl 
binds to Frizzled and mediates the activation of Wnt signalling. Figure 
based on the model described in Jung et al. (2013).
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molecules and their receptors are not within the scope of this 
review. For more information on these topics, the reader is 
referred to the following reviews: Lorenowicz and Korswagen 
(2009); Port and Basler (2010) & Harterink and Korswagen (2012).

4.2 Ubiquitin and the intracellular trafficking of 
 Wnt receptors 
As discussed previously, ubiquitin modifications have been 
studied extensively for their involvement in the internalization 
and subsequent transport of membrane-bound receptor 
proteins such as RTKs. In this case, ubiquitin functions as a 
sorting flag that directs the vesicle-transporting machinery to 
translocate the receptors to their subcellular destination. These 
sorting mechanisms have also been implicated in the trafficking 
of the Wnt receptors, and one example of this is the transport of 
LRP-6. The export of LRP-6 from the endoplasmic reticulum (ER) 
depends on its palmitoylation, which is the post-translational 
covalent modification of a protein with a palmitate group 
(Abrami et al., 2008). This modification was proposed to tilt the 
receptor relative to the plane of the ER membrane, which allows 
for it to escape the ER quality control mechanism. This system 
assesses the proper folding of endogenous proteins. Upon the 
recognition of a misfolded target, the protein is retained in the 

ER and finally degraded (Hebert and Molinari, 2007). When the 
palmitoylation of LRP-6 is inhibited, the receptor is retained in 
the ER. However, a palmitoylation-deficient variant of LRP-6 that 
was mutated at residues that are substrates for ubiquitylation 
was found to escape the ER quality control system, and to 
emerge at the cell membrane. Thus, monoubiquitylation 
regulates the exit of LRP-6 from the ER (Abrami et al., 2008).

In addition to transport towards the cell membrane, the 
ubiquitylation of Wnt receptors has also been implicated in their 
internalization. In different cellular pathways, the endocytosis 
of receptors has been implicated in their positive regulation. 
For example, the Wnt PCP pathway even requires endocytosis 
to occur in order to function properly (Gagliardi et al., 2008). 
Recently, Mukai et al. demonstrated that canonical Wnt 
signalling requires a strict balance in Frizzled ubiquitylation. 
Increases in Frizzled ubiquitylation were shown to lead to higher 
rates of internalization and subsequent degradation of Frizzled 
by its targeting to lysosomes in Drosophila and mammalian 
cells, while a decrease in ubiquitylation had the opposite effect. 
The responsible modification in this case was suggested to be 
primarily multiple monoubiquitylation. 

In accordance with this model, a DUB for Frizzled has 
been shown to regulate its intracellular trafficking. Namely, 
the DUB USP8, also called UBPY, was shown to regulate the 
deubiquitylation of Frizzled and thereby to influence its 
endosomal transport (see Figure 8). An increase in UBPY 
activity resulted in the increased recycling of Frizzled to the 
membrane. The degradation of Frizzled via ubiquitylation 
was shown to include its targeting to lysosomes, and not the 
proteasome, as has been the case for most of the Wnt pathway 
proteins discussed previously. In addition, Frizzled degradation 
by ubiquitylation differs from that of the RTKs. In the latter case, 
receptor internalization increases upon the activation of the 
related signalling pathway after ligand binding (Saksena et al., 
2007). In contrast, the ubiquitylation and trafficking of Frizzled 
were found to be independent of activation by Wnt ligands. 
Thus, the ubiquitylation of Frizzled was proposed to regulate 
its steady-state membrane levels, and UBPY was identified as a 
positive regulator of Frizzled recycling (Mukai et al., 2010, 2012). 
The E3 ubiquitin ligase that is responsible for the ubiquitylation 
of Frizzled that is counteracted by UBPY has not been identified. 

In a recent study, the trafficking of LRP6 has also been shown 
to depend on its ubiquitylation. Namely, the inactivation of 
Rap2, a member of the Ras family that is comprised of small 
GTP-binding proteins (Bos, 1997), coincides with proteasome 
and/or lysosome-mediated LRP6 degradation (Park et al., 2013).  
This downregulation was also shown to be independent of Wnt 
signalling. Rap2 and LRP6 interact directly, and the destabilizing 
effect of Rap2 activity is mediated via its downstream effector 
TRAF2/Nick-interacting kinase (TNIK). These results are 
intriguing, especially when considering that Wnt-induced LRP6 
internalization is needed for β-catenin accumulation, as well as 
the fact that Rap2 is required for canonical Wnt signalling during 
Xenopus development (Choi and Han, 2005). Park et al. proposed 
that LRP6 is internalized both in response to Wnt signalling as 
well as constitutively in the absence of Wnt ligand. In this model, 
Rap2 possibly functions as a switch between the recycling and 
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Figure 8. The intracellular trafficking of Frizzled.
At the cell membrane Frizzled is ubiquitylated (a), which induces its 
internalization (b). Subsequently, Frizzled is either deubiquitylated by 
UBPY (c) and recycled to the membrane (d), or degraded via the late 
endosome / lysosome pathway (e). In this model, the activity of UBPY, 
as well as the rate of ubiquitylation at the cell membrane, regulate the 
steady state levels of Frizzled. Figure reconstructed and adapted from 
Mukai et al. (2012).
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lysosomal pathway of internalized LRP6-containing endosomes. 
Similar mechanisms are thought to occur in the trafficking 
of Frizzled (Mukai et al., 2010; Park et al., 2013). Whether Rap2 
plays a role in the trafficking of both receptors remains to be 
demonstrated. 

In addition to Frizzled, the receptor-like tyrosine kinase (RYK) 
and receptor tyrosine kinase-like orphan receptor 2 (ROR2) 
proteins are transmembrane receptors capable of binding 
Wnt ligands. RYK has also been implicated in the activation 
of canonical Wnt signalling (Lu et al., 2004). However, the 
significance of both ROR and RYK function in canonical Wnt 
signalling remains elusive (Angers and Moon, 2009). Berndt et 
al. recently reported that the E3 ubiquitin ligase Mindbomb 1 
(MIB1) interacts with RYK. In addition, MIB1 expression promotes 
the ubiquitylation and subsequent degradation of RYK, thus 
reducing its stability at the cell membrane. In addition, RYK and 
MIB1 were shown to cooperate in the induction of canonical 
Wnt signalling. Whether ubiquitylation by MIB1 induces RYK 
internalization upon Wnt signalling in a manner similar to other 
membrane receptors has, however, not been determined. 
Interestingly, while RYK is required for canonical Wnt signalling, 
the expression of MIB1 also promotes the activity of this 
pathway, even though it leads to the downregulation of RYK 
at the plasma membrane. A possible explanation proposed by 
Berndt et al. is that MIB1 induces the internalization of a complex 
containing RYK, as well as other Wnt receptors. In agreement 
with this hypothesis, the knockdown of RYK or MIB1 leads to the 
decreased phosphorylation of LRP6 and a weaker Wnt signalling 
response induced by Wnt ligand.  

4.3 The R-spondins
The roof plate-specific spondins (R-spondins or RSPOs) 
are secreted glycoproteins that were initially shown to be 
required for dorsal neural tube development in mammals and 
myogenesis in Xenopus. The expression of RSPOs depends on 
Wnt expression, and conversely they are also potent activators 
of the canonical Wnt signalling pathway (Chen et al., 2002; 
Kamata et al., 2004; Kazanskaya et al., 2004; Cruciat and Niehrs, 
2013). The RSPOs are evolutionarily conserved proteins, and 
four isoforms (RSPO1-4) have been identified in vertebrates. 
Their Wnt-stimulating activity requires the presence of Wnt 
ligands (Binnerts et al., 2007). The exact mechanism of RSPO 
function has long been debated over, and several receptors 
have previously been proposed to interact with these signalling 
molecules. 

Recent developments have shed light on the mechanism 
of RSPO function, and these involve the leucine-rich repeat 
containing G-protein-coupled receptors (LGRs). LGRs have 
been identified as markers for stem cells (Barker et al., 2013). For 
example, LGR5 expression allows for the identification of stem 
cells in the stomach, small intestine, colon and hair follicle, and 
LGR6 marks stem cells in the skin (Jaks et al., 2008; Barker et al., 
2010; Snippert et al., 2010). Interestingly, the compartments in 
which these cells are located were all found to be dependent 
on Wnt signalling, and the same goes for the expression of 
LGR5. The stem cell identity of the LGR5-positive cells has been 
demonstrated elegantly by, for example, the culturing of single 
LGR5-positive cells taken from mouse intestinal crypts. These 
single stem cells can establish tissues containing both crypts and 
villus-like structures in vitro (see Figures 9A & B). Interestingly, 
these organoids contain all of the differentiated cell types that 
are found in the mouse intestinal tract in vivo (Sato et al., 2009). 

A B

Figure 9. Organoids grown from single LGR-5-positive cells (Sato et al., 2009). 
(A) Multiple confocal images reconstructed to a 3D overview of a single cultured organoid. LGR5-positive cells are labelled in green and DNA is 
labelled in red. Scale bar length equals 50 μm. 
(B) Schematic representation of a cultured organoid, which contains a central lumen and multiple interconnected crypt and villus domains. 
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In addition, these crypts maintain the same structure as normal 
intestinal crypts, in which the LGR5-positive cells are located at 
the bottom. The culture media for such organoids are supplied 
with different growth factors, one of which is RSPO1.

Interestingly, the LGRs have recently been identified as the 
receptors for RSPOs. Namely, RSPO1-4 were demonstrated to 
bind to LGR4, LGR5 and LGR6 (de Lau et al., 2011; Wang et al., 
2013). The knockdown of all three of these receptors abrogated 
RSPO-induced enhancement of Wnt signalling, and the re-
introduction of any of the three LGRs reconstituted the RSPO 
effect. In addition, the knockdown of LGR4 and LGR5 mimicked 
the loss of RSPO1, and this phenotype can be rescued by the 
activation of Wnt signalling (de Lau et al., 2011). Receptor 
internalization was proposed to play a role in the mechanism 
of RSPO action, as canonical Wnt signalling requires clathrin 
expression, while Wnt/PCP signalling requires caveolin 
expression in mammals and Xenopus (Glinka et al., 2011). LGR4 
and LGR5 were found to activate Wnt signalling in response to 
RSPOs via the phosphorylation of LRP6. However, no mediators 
of intracellular signalling, such as G-proteins, Ca2+ mobilization, 
cAMP production or β-arrestin were identified in connection 
to these LGRs. Interestingly, LGR4 and LGR5 were internalized 
constitutively into large intracellular bodies, even in the non-
RSPO-bound state (Carmon et al., 2011). With the requirement 
of Frizzled co-receptor internalization for Wnt signalling in mind, 
it was subsequently speculated that the LGR-RSPO complexes 
might have an influence on the recycling of the Wnt receptor 
complex.

Recently, two papers published in Nature have shed light on 
the mechanism of RSPO function (Hao et al., 2012; Koo et al., 
2012). In these papers, Ring Finger Protein 43 (RNF43) and Zink 
and Ring Finger 3 (ZNRF3) are identified as negative regulators 
of the Wnt signalling pathway. These proteins are related 
transmembrane RING finger proteins that show E3 ubiquitin 
ligase activity. Interestingly, their coding genes were discovered 
by different approaches in the two publications. Koo et al. 
assessed the genes the expression of which was enriched in 
LGR5-positive crypt cells by microarray experiments. Hao et al., 
on the other hand, searched for additional negative regulators 
of Wnt signalling by assessing the expression of genes that 
correlated with the expression of the AXIN2 mRNA. Interestingly, 
both papers identified RNF43 and ZNRF3 as negative regulators 
of Wnt signalling, and Hao et al. also implicated ZNRF3 in the 
inhibition of both Wnt/β-catenin and Wnt/PCP signalling. 
Both of the transmembrane E3 ubiquitin ligases were found 
to regulate the turnover of Frizzled and its co-receptors. This 
downregulation occurs by the ubiquitylation-dependent 
promotion of Frizzled and LRP-5/6 internalization and the 
subsequent targeting of these receptors to lysosomes, which 
notably was not dependent on the proteasome system (Koo et 
al., 2012). Interestingly, both RNF43 and ZNRF3 were previously 
identified as Wnt target genes (Yagyu et al., 2004; Van der Flier 
et al., 2007; van der Flier et al., 2009). Thus, these ubiquitin 
ligases form another potential negative feedback loop for Wnt 
signalling (see Figure 10) (Koo et al., 2012).

In addition, RSPOs were shown to be negative regulators 
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Figure 10. Schematic representation of Wnt receptor regulation at the cell membrane.
(Shaded area) In the absence of RSPO, Frizzled is ubiquitylated by RNF43/ZNRF3. This leads to the downregulation of Frizzled and LRP6 at the cell 
membrane, possibly via lysosomal degradation. (Light area) In the presence of both Wnt and RSPO, LGR4 forms a ternary complex with RNF43/ZNRF3 
and RSPO. This leads to the autoubiquitylation of ZNRF3 (and possibly RNF43) and its downregulation at the cell membrane, which could occur via 
lysosomal degradation. In addition, LGR4/5 might be involved in the direct amplification of signalling induced by Wnt-Frizzled by associating with 
the Frizzled-LRP receptor complex. The RSPO-induced enhancement of Wnt signalling is attenuated by TROY, possibly via its interaction with LGR5 
and the inhibition of LRP phosphorylation. Finally, increases in β-catenin levels promote the expression of negative regulators of Wnt signalling such 
as rnf43/znrf3 and troy, thus constituting a negative feedback loop.
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of ZNRF3 function. Namely, RSPO binds to the extracellular 
domain of ZNRF3, which induces its interaction with LGR4. 
The formation of such a ternary complex subsequently leads 
to ZNRF3 internalisation (Hao et al., 2012).  Thus, the inhibition 
of ZNRF3 by RSPO and LGR function leads to increased levels 
of Frizzled and its co-receptors at the cell membrane, which 
potentiates Wnt signalling. Recently, the structural interface of 
the interaction of RSPO1 with both LGR5 and RNF43 has also 
been mapped (Chen et al., 2013; Peng et al., 2013). In addition, 
cultured organoids derived from LGR5-positive crypt cells in 
which RNF43 and ZNRF3 were knocked down showed increased 
growth rates and RSPO1-independence. These organoids were, 
however, strongly dependent on supplied Wnt ligands. These 
experiments illustrate that RSPOs enhance Wnt signalling by 
increasing membrane Wnt receptor levels, via the binding of 
LGRs and the downregulation of RNF43 and ZNRF3 (Koo et al., 
2012).

Finally, a recent study that focused on the identification of 
Wnt target genes in colorectal cancers cells identified tumour 
necrosis factor receptor family, member 19 (TNFRSF19 or 
TROY). Canonical Wnt signalling stimulates the expression of 
this protein, as was shown by the knockdown of APC and the 
stimulation of cells with Wnt ligand. In accordance with these 
results, the knockdown of TROY stimulates the phosphorylation 
of LRP6. Both in colorectal tumour-derived cells as well as wild 
type LGR5-positive stem cells TROY expression is markedly 
upregulated. In addition, TROY interacts with LGR5, and it is 
capable of inhibiting the stimulation of Wnt signalling that is 
induced by RSPOs (see Figure 10). The latter was shown by the in 
vitro growth of LGR5-positive stem cell-based organoids, which 
could be maintained at significantly lower RSPO concentrations 
when TROY was inactivated, compared to wild type organoids 
(Fafilek et al., 2013). These experiments are reminiscent of the 
previously discussed effects of RNF43 and ZNRF3 knockdown 
on such organoids. Thus, TROY could possibly be used as yet 
another reliable marker for the identification of Wnt-dependent 
(intestinal) stem cells. However, the way in which TROY inhibits 
the RSPO signal, possibly via its interaction with LGR5 or even 
via RNF43 and/or ZNRF3 remains to be determined.

5. The roles of Wnt signalling and ubiquitylation 
in human disease.

Ever since its initial discovery, the Wnt signalling pathway has 
often been implicated in the development of human diseases. 
Accordingly, inappropriate activation of the canonical Wnt 
pathway is one of the hallmarks leading to the unbalanced 
division, growth and differentiation of cells. In many tissues 
the hyperactivation of canonical Wnt signalling, which often 
converges on the accumulation of β-catenin, has been 
linked to the development of different types of cancer and 
neurodegenerative diseases. In addition, a lot of today’s research 
focuses on understanding and manipulating the Wnt pathway 
to develop possible cures for these diseases. As such, many 
reviews are available on the progress of such studies, including 
Clevers and Nusse (2012) & Holland et al., (2013).

In this review, the main focus has been the role of ubiquitin 

modifications on canonical Wnt pathway behaviour. Notably, 
these modifications have been implicated in many aspects of 
the behaviour of proteins, such as their signalling capabilities, 
turnover rates and subcellular localization. Thus, it comes as no 
surprise that ubiquitin modifications have often been implicated 
in both the direct and indirect regulation of β-catenin steady-
state levels. Logically, errors in the ubiquitylation process have 
thus been implicated in the deregulation of the canonical 
Wnt signalling pathway. In this section, keynote examples of 
such deregulation and their mechanistic relation to human 
pathogenesis will be discussed.

5.1 The roles of RNF43 and ZNRF3 in carcinogenesis.
The ZNRF3 and RNF43 transmembrane E3 ubiquitin ligases, 
which were discussed previously, have been implicated in 
carcinogenesis. Namely, two cancerous cell lines derived from 
the colon that show hyperactivation of β-catenin contain 
mutations in the RNF43 gene (Ivanov et al., 2007). These cells are 
heterozygous for an activating β-catenin mutation, which leads 
to increased activation of the Wnt pathway. In addition, these 
mutations can cause the Wnt pathway to be hyperactivated by 
increased extracellular Wnt ligand concentrations. The HCT116 
cell line is also homozygous for inactivating RNF43 mutations, 
thus decreasing its ability to lower Wnt responsiveness 
by downregulation of the Wnt receptors. When RNF43 is 
reintroduced into these cells, this inhibitory mechanism is 
restored. Thus, the inactivation of RNF43 can increase the 
carcinogenic effects of activating β-catenin mutations (Koo 
et al., 2012). Mechanistically, RNF43 and ZNRF3 are thought 
to balance the proliferation and differentiation zones in stem 
cell compartments like those that are found in the crypts of 
Liberkühn in the colon. Inside these compartments, a small stem 
cell zone is maintained at the bottom of the crypt. This is where 
the crypt base columnar (CBC) stem cells and the Paneth cells, 
which supply growth factors to the stem cells, reside (Clevers, 
2013). Lgr5-positive CBC cells in this zone continually cycle 
through round of mitosis, producing undifferentiated daughter 
cells. These cells migrate out of the stem cell zone, towards the 
tip of the villi, and they start differentiating in transit (Clevers, 
2013). ZNRF3 and RNF43 were proposed to help maintain the 
adequate size of the stem cell zone in such compartments. 
Namely, the inactivation of these proteins leads to an expansion 
of the proliferative stem cell zone similar to the consequences 
of deleting APC in this compartment (el Marjou et al., 2004; Koo 
et al., 2012). A similar Wnt-dependent stem cell zone is found 
in, for example, the hair follicle (Jaks et al., 2008; Snippert et al., 
2010).

After the initial description of ZNRF3 and RNF43, these 
proteins have been related to non-intestinal types of cancer 
as well. For example, Jiang et al. reported that inactivating 
RNF43 mutations have been found in pancreatic cancer cells. In 
addition, pancreatic cancer cell lines that carry these mutations 
are strongly Wnt-dependent, similar to the colon cancer 
cells described above. While the inhibition of Wnt secretion, 
β-catenin depletion and the reintroduction of wild type RNF43 
were able to inhibit the proliferation of cell carrying inactivating 
RNF43 mutations, this was not the case in tumour cells that 
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carry wild type RNF43. Thus, the presence of RNF43 mutations 
in cancers could be used as a potent biomarker when selecting 
patients for Wnt-inhibitory drugs (Jiang et al., 2013). In addition, 
RNF43 mutations have been identified in intraductal papillary 
mucinous neoplasm and cholangiocarcinoma (Wu et al., 2011; 
March et al., 2012; Ong et al., 2012), and one study focusing 
on gene expression in mucinous ovarian tumours identified 
RNF43 as one of the most frequently mutated genes in this type 
of cancer (Ryland et al., 2013). In another recent publication, 
ZNRF3 was shown to be a tumour suppressor in gastric 
adenocarcinoma. In this case, the reintroduction of wild type 
ZNRF3 in a gastric cancer cell line suppressed proliferation and 
promoted apoptosis in these cells (Zhou et al., 2013). Thus, both 
the RNF43 and ZNRF3 E3 ubiquitin ligases have been identified 
as potent targets for the development novel therapies that 
focus on Wnt-dependent types of cancer.

5.2 The regulation of E3 ubiquitin ligases by Wnt pathway 
components and their involvement in carcinogenesis.
In addition to being targets for (de-)ubiquitylation, some 
of the central Wnt pathway components can regulate the 
activity of E3 ubiquitin ligases (Tauriello and Maurice, 2010). 
Furthermore, there is cross talk between these proteins 
and signalling components of other cellular cascades. For 
example, the RING-type E3 ubiquitin ligase siah-1 is involved 
in modifying β-catenin with atypical lysine 11-linked ubiquitin 
chains in response to p53 expression, which leads to β-catenin 
degradation and thus the inhibition of Wnt signalling (Liu et al., 
2001; Matsuzawa and Reed, 2001). Naturally, this interchange of 
information between signalling pathways could lead to strong 
pleiotropic effects when the function of a protein is altered 
by mutation. Another interesting example of such cross talk is 
mediated by the scaffold protein Axin. In addition to its role as 
a component of the β-catenin destruction complex, Axin was 
found to be involved in the regulation of c-Myc turnover. c-Myc 
is a notorious transcription factor that regulates up to 15% of 
the human genes. Unsurprisingly, c-Myc is also one of the genes 
that are most often found to be hyperactivated in a great variety 
of cancer types (Grandori et al., 2000; Fernandez et al., 2003; 
Patel et al., 2004). 

In an APC-independent manner, Axin has been implicated 
in the ubiquitylation and degradation of c-Myc. Both Axin and 
GSK3 have been found to form a complex with c-Myc, and this 
complex mediates phosphorylation of the c-Myc threonine 
58 and serine 62 residues (Arnold et al., 2009). Interestingly, 
these residues are required for c-Myc degradation and they 
are often mutated in cancer cells. In addition to its role in the 
degradation of β-catenin, the SCFβ-TrCP complex targets c-Myc 
and mediates its heterotypic polyubiquitylation, which leads 
to the increased stability of this oncogene. In contrast, SCFFbw7 
is responsible for the lysine 48-linked polyubiquitylation of 
c-Myc, which mediates its degradation (Popov et al., 2010). 
This route of c-Myc degradation was shown to be dependent 
on its phosphorylation on the two residues targeted by the 
Axin-GSK3 complex, while SCFβ-TrCP targets different residues 
in the c-Myc N-terminus (Yada et al., 2004; Welcker et al., 2006; 
Kitagawa et al., 2009). A number of cancer cell lines in which 

the hyperactivity of c-Myc was reported have also been found 
to harbour inactivating mutations in components of the Axin-
GSK3 c-Myc destruction complex (Arnold et al., 2009). For 
example, mutations in the GSK3-binding moiety of Axin were 
identified in leukaemia cell lines with increased c-Myc activity 
(Malempati et al., 2006). In addition, inactivating Axin mutations 
were identified in both primary and cultured breast cancer cells, 
and these were demonstrated to cause an increase in c-Myc 
stability (Zhang et al., 2011b). Thus, Axin and GSK3 are involved 
in regulating the stability of multiple major regulators of stem 
cell behaviour via their ubiquitylation.

In addition to its role in c-Myc stabilization, GSK3β has been 
implicated in the stabilization of Ras (Liu et al., 2008). This well-
known oncogene activates the mitogen-activated protein 
kinase (MAPK) pathway inter alia, which is involved in both the 
growth and differentiation of cells. Similarly to c-Myc, mutations 
that alter the activity or stability of Ras have been implicated in 
a variety of cancers. Notably, up to one third of all genotyped 
human cancers have been shown to carry oncogenic mutations 
for the Ras gene (Pylayeva-Gupta et al., 2011). One of the three 
Ras isoforms, H-Ras, is both mono- and di-ubiquitylated, and 
these modifications affect its subcellular localization and activity 
(Jura et al., 2006). In addition, SCFβ-TrCP was shown to mediate 
the polyubiquitylation and subsequent degradation of H-Ras, 
which is stimulated by Axin/APC expression and inhibited by 
the activation of Wnt signalling (Kim et al., 2009). Recently, 
GSK3β was shown to phosphorylate Ras at its threonine 144 and 
threonine 148 residues. These modifications are subsequently 
recognized by SCFβ-TrCP, which polyubiquitylates Ras, leading 
to its proteasome-mediated degradation. Wnt signalling 
inhibits, and Axin/APC activity promotes, this phosphorylation 
of Ras by GSK3β (see Figure 11) (Jeong et al., 2012). Thus, Wnt 
signalling regulates the stability of both β-catenin and Ras 
in the same manner. In addition, the same study by Jeong et 
al. demonstrates that this connection between the Wnt and 
MAPK pathways influences carcinogenesis in vivo. Namely, the 
stabilization of Ras through canonical Wnt signalling was shown 
to contribute to colorectal tumorigenesis (Jeong et al., 2012). 
In conclusion, Wnt signalling is involved in multiple cellular 
signalling pathways via the regulation of protein ubiquitylation, 
and mutations that counteract this regulation are involved in 
multiple types of cancer. 

6. Future perspectives

In summary, this review has constructed an overview of the 
currently known roles that ubiquitin modifications play in 
the canonical Wnt signalling pathway. When focussing on the 
regulation of β-catenin stability, it has become overly clear that 
ubiquitylation is involved in regulating most, if not all, of the 
active components in this pathway. Ubiquitin modifications 
have been demonstrated to be diverse in structure, and to 
affect the stability, sub-cellular localization and signalling 
capability of proteins inter alia. In addition, a large variety of 
E3 ubiquitin ligases and DUBs determine the balance of these 
protein modifications, and many of those have already been 
characterized in different model systems. However, in most 



20 Master thesis Ruben Schmidt, November 2013

cases the counteracting or collaborating pairs of E3 ubiquitin 
ligases and DUBs remain to be identified. In addition, the exact 
regulatory mechanisms that control these E3 ligases and DUBs 
remain elusive. Thus, at present it is too early to construct a full-
scale interaction map of the ubiquitin regulators that influence 
the Wnt signalling pathway. A number of small-scale models 
that focus on specific nodes in the Wnt signalling pathway 
have been proposed (Tauriello and Maurice, 2010), but these 
often contain but a few of the known synergizing DUBs and E3 
ubiquitin ligases. 

The construction of large-scale models is further complicated 
by the fact that the functions of the different types of 
ubiquitin modifications remain largely elusive. For example, 
lysine 48-linked polyubiquitin chains are often linked to the 
targeting of substrates for proteasomal degradation, whereas 
lysine 63-linked chains are commonly associated with protein 
activation and complex formation (Ikeda and Dikic, 2008). 
However, homotypic chains linked through the other 5 lysine 
residues present on the ubiquitin protein have been explored 
in far less detail. The same goes for other types of polyubiquitin 
modifications such as those consisting of mixed-chains, in which 
multiple types of linkage are assimilated, and heterologous 
chains, in which both ubiquitin and ubiquitin-like moieties 
such as the earlier discussed SUMO protein are intertwined 
(Ikeda and Dikic, 2008). Although these atypical polyubiquitin 
chains are gradually being implicated in different regulatory 
functions, most of their influences on protein behaviour remain 
to be discovered (Kulathu and Komander, 2012). Naturally, the 

identification and characterization of more UBDs that recognize 
these different types of ubiquitin modifications, and the 
discovery of factors that regulate the proteins containing these 
domains, will be crucial for this endeavour. 

As discussed previously, factors that are mediators or targets 
of protein ubiquitylation are frequently implicated in human 
pathogenesis. For example, the aberrant stability or expression 
of β–catenin, the transmembrane E3 ubiquitin ligases RNF43 and 
ZNRF3, the DUB CYLD, the signalling hub Dvl and the scaffold 
proteins APC and Axin have all been linked to tumorigenesis. 
In line with these findings, it will be important to find out how 
these proteins are regulated by the Wnt signalling pathway. The 
further identification of their E3 ubiquitin ligases, DUBs and 
other UBD-containing interactors will shed light on how their 
deregulation contributes to tumorigenesis. In addition, such 
factors could be of invaluable worth as markers for stem and/or 
cancer cells, as is already the case for proteins such as LGR5 and 
β-catenin, respectively. 

Identifying promising targets for therapeutic purposes is 
complicated by the fact that pathways often cross-communicate, 
as was discussed previously. The Wnt signalling pathway is no 
exception due to its ubiquitin-dependent interaction with major 
regulators of cell behaviour such as c-Myc, Ras and components 
of the non-canonical Wnt signalling pathways. A major challenge 
for future research will be to integrate canonical Wnt signalling 
molecules into these different pathways, which is crucial for 
avoiding pleiotropic effects when developing therapies that 
interfere with the dynamics of these proteins. 
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Figure 11. Schematic representation of H-Ras turnover regulation by Wnt signalling.
During the Wnt-off phase, H-Ras phosphorylation by GSK3β on its threonine 144 and threonine 148 residues is stimulated by Axin & APC. These 
modifications are recognized by β-TrCP, which mediates the subsequent polyubiquitylation and proteasome-mediated degradation of H-Ras. 
During the Wnt-on phase, GSK3β is inhibited and H-Ras, in a manner similar to β-catenin, is no longer targeted for degradation by β-TrCP. Figure 
based on the model described in Jeong et al. (2013).
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