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Abstract: The Wnt/β-catenin signaling pathway exerts integral roles in embryogenesis and adult
homeostasis. Aberrant activation of the pathway is implicated in growth-associated diseases and
cancers, especially as a key driver in the initiation and progression of colorectal cancer (CRC).
Loss or inactivation of Adenomatous polyposis coli (APC) results in constitutive activation of
Wnt/β-catenin signaling, which is considered as an initiating event in the development of CRC.
Increased Wnt/β-catenin signaling is observed in virtually all CRC patients, underscoring the
importance of this pathway for therapeutic intervention. Prior studies have deciphered the regulatory
networks required for the cytoplasmic stabilisation or degradation of the Wnt pathway effector,
β-catenin. However, the mechanism whereby nuclear β-catenin drives or inhibits expression of Wnt
target genes is more diverse and less well characterised. Here, we describe a brief synopsis of the
core canonical Wnt pathway components, set the spotlight on nuclear mediators and highlight the
emerging role of chromatin regulators as modulators of β-catenin-dependent transcription activity
and oncogenic output.

Keywords: Wnt/β-catenin signaling pathway; transcriptional regulation; epigenetic regulation;
colorectal cancer

1. Introduction

Wnt signaling is a growth control pathway that can regulate many biological processes ranging
from development and evolution to adult homeostasis. Wnt signaling includes two branches, canonical
(β-catenin-dependent activity) and non-canonical (β-catenin-independent activity) Wnt pathways.
β-catenin is composed of a central region, including twelve imperfect Armadillo repeats, which are
flanked by different domains in N- and C-terminus, respectively [1]. It acts as a crucial nuclear effector
of the canonical Wnt pathway. WNT proteins are important intracellular ligands that stimulate the
canonical Wnt pathway. In the absence of a WNT ligand, cytoplasmic β-catenin is regulated by the
destruction complex, mainly containing Adenomatous polyposis coli (APC), Axis inhibition protein
(AXIN), Glycogen synthase kinase 3 (GSK3) and Casein kinase 1 (CK1) for final degradation [2–4].
The destruction complex induces continuous elimination of β-catenin, thus impeding its nuclear
transport, so that expression of Wnt target genes is switched off. WNT ligand binding to the FZD-LRP5/6
receptor complexes stabilises cytoplasmicβ-catenin via either inhibition of phosphorylation ofβ-catenin
combined with the disassembly of the destruction complex [5–8] or inactivation of ubiquitination and
prosomal degradation of β-catenin in the intact destruction complex [9]. Once stabilised, cytoplasmic
β-catenin accumulates and translocates to the nucleus where it binds to transcription factors, such as
the TCF/LEF family [10], together with the recruitment of different nuclear regulators, to activate
downstream transcriptional cascades of the Wnt pathway (Figure 1). Several mutations in the
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pathway can cause ligand-independent β-catenin stabilisation, which, thus, contributes to oncogenic
β-catenin-regulated transcriptional activity [11].
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Figure 1. Overview of the Wnt canonical (β-catenin-dependent) pathway. (A) In the absence of a Wnt
signal, cytoplasmic β-catenin is degraded by the destruction complex. RNF43/ZNRF3 targets FZD to
antagonise Wnt signalling. The accumulative result is a transcriptional “off” state. (B) Wnt binding
causes dimerisation of FZD and LRP5/6. The receptor complex recruits the destruction complex to the
cell membrane, and DVL assists the interactions between LRP5/6 and AXIN. Cytoplasmic β-catenin,
thus, can be relieved from proteasome-dependent degradation. Stable β-catenin accumulates in the
cytoplasm, followed by nuclear transport. There, β-catenin displaces repressive complexes and forms
active complexes through associations with transcription factors and recruitment of coactivators and
chromatin remodelers to upregulate Wnt responsive targets. RNF43/ZNRF3′s inhibition on the Wnt
pathway can be counteracted by binding of RSPO to LGR5.
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Moreover, many regulators have been identified which control β-catenin’s subcellular localisation,
nuclear abundance or transcriptional activity (Table 1). Negative feedback loops, comprising AXIN
or RNF43/ZNRF3, which are themselves Wnt downstream targets, exemplify the necessity of tight
homeostatic control. The pathway is further complicated by the presence of another regulatory axis,
LGR5-RSPO-RNF43/ZNRF3 [12–14]. Together, the involvement of multiple regulatory factors that can
translate Wnt signals into different downstream readouts provides an explanation for the diversity
and complexity of Wnt signalling (Figure 2).

Table 1. Summary of regulators influencing nuclear distribution, nuclear abundance and transcriptional
activity of β-catenin and TCF/LEF family members.

Regulatory Mechanisms β-Catenin

Nuclear distribution
pos

KRAS [15]; IQGAP1 [16]; RAPGEF5 [17]; PROX1 [18]; Kinesin-2/IFT-A
complex [19]; FOXM1 [20]; CDCP1 [21]; TTPAL/TRIP6 [22]

CK2 (Thr393) [23]; RAC1/JNK2 (Ser191, Ser605) [24];
RAC1/PAK1 (Ser675) [25]; BCR-ABL (Tyr86 and Tyr654) [26];

ABL (Tyr 489) [27]

neg RHOA [28]; SH3BP4 [29]; CD82 [30]; nuclear APC [31]; nuclear AXIN [32];
RANBP3 [33]; SIRT1 (oncogenic forms of β-catenin) [34]

Nuclear abundance
pos TCF4 [35]; BCL9 [35]; PIN1 [36]
neg NPHP4 [37]; JADE-1 [38]; c-CBL [39,40]

Transcriptional activity pos FERMT1 [41]; AKT (Ser552) [42]; RTK (Tyr654) [43]; RTK (Tyr142) [44]
neg SIRT1 [34]

Regulatory mechanisms TCF/LEF family members

Transcriptional activity pos TNIK (TCF4) [45]; PIASy (TCF4) [46]
neg PIASy (LEF1) [47]; TAK1/NLK (TCF4, LEF1) [48,49]

“Nuclear distribution” lists regulators mediating β-catenin nuclear transport. “Nuclear abundance” involves
regulators that promote β-catenin nuclear retention or nuclear degradation. “Transcriptional activity” collects
regulators influencing transcriptional activity of β-catenin or TCF/LEF family members. “pos” means positive
regulators, and “neg” means negative regulators. Reported modified sites are listed when post-translational
modifications occur. We recognise to describe all regulators beyond our scope, and only some well-known and
important regulators are summarised here.

Based on its fundamental functions in maintaining homeostasis, it is not surprising that
inappropriate activation of the Wnt pathway contributes to many human diseases, including
cancers [50]. Loss-of-function APC mutations are pathognomonic for colorectal cancer syndrome
familial adenomatous polyposis (FAP) and contribute to the great majority of sporadic colorectal cancer
development. Elegant work in both murine models of intestinal neoplasia and human cancer cell
lines has highlighted the critical role for the oncoprotein MYC as an essential downstream driver of
Wnt/β-catenin driven oncogenicity followed by APC loss [51]. More recently, it has been reported that
Wnt signalling can further facilitate MYC accumulation by post-transcriptional mechanisms that lead
to enriched availability of cytoplasmic pools of MYC transcripts [52]. Intriguingly, APC restoration
can reverse the MYC-driven oncogenic state in colorectal cancer (CRC) and reestablish normal tissue
homeostasis [53]. This demonstrates the crucial roles of APC mutations in both initiating and
maintaining intestinal neoplasia and underscores the importance of the Wnt pathway as a potential
therapeutic target for CRC.

The non-canonical Wnt pathway (β-catenin-independent activity) contains two well-recognised
cascades, the planar cell polarity pathway (Wnt/PCP) and the Wnt calcium signalling pathway
(Wnt/Ca2+). Some components, such as FZD and DVL, are shared by both the canonical and
non-canonical Wnt pathways. It has been identified that canonical WNTs can be antagonised by
non-canonical WNTs [54]. Deregulation of the canonical Wnt pathway has been implicated in cancers,
but the roles of the non-canonical Wnt pathway in cancers remain largely unexplored. Some reports
suggest the tumour-promoting [55,56] or repressive [57] functions of non-canonical Wnt pathway in
CRC development. Voloshanenko et al. proposed that WNT5A/B (the non-canonical ligands) regulate
the expression of non-canonical Wnt target genes, such as PLOD2 and HADH, which are necessary
for the proliferation and viability of CRC cells [56]. Recent work has also identified a direct role for
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WNT5A in promoting the migration and invasion of CRC cells [55]. On the other hand, WNT5A-driven
phosphorylation of RORα, an orphan nuclear receptor, inhibits the expression of canonical Wnt target
genes in CRC [57]. The complexities of the opposing forces from the canonical and non-canonical
Wnt pathway are underscored by recent work showing the existence of coordinated canonical and
non-canonical Wnt pathway signalling via simultaneous WNT3A activation and ROR2 inhibition,
respectively, in colorectal cancer cells [58]. Collectively, further studies on the non-canonical Wnt
pathway and its crosstalk with the canonical Wnt pathway will help improve our understanding of the
multi-dimensional aspects of Wnt signalling in colorectal cancer.

Refined regulation of the Wnt pathway can activate or repress the expression of specific genes to
exert various biological functions. The identification of positive and negative regulators would enable
unravelling of the underlying regulatory mechanism of β-catenin-dependent transcription. However,
despite intensive studies, we still have only begun to unravel the complexities of this transcriptional
network. Herein, we focus on a review of nuclear regulators involved in the transcriptional activity of
Wnt/β-catenin signalling with an emphasis on those associated with colorectal cancers. Depicting a
network of regulators promoting physiological and/or oncogenic signal cascades can assist in identifying
those representing vulnerabilities of specific cancer types, therefore directing the development of drug
and treatment strategies.
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Figure 2. Multidimensional regulators in the Wnt signalling pathway. The hallmark determinants of
β-catenin transcriptional output are depicted.
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2. TCF/LEF-Dependent β-Catenin Transcription Regulation

Wnt pathway-related gene expression is transduced by the nuclear effector β-catenin. Due to
lacking a DNA-binding domain, β-catenin transcribes Wnt-responsive genes by way of interaction
with TCF/LEF family members. Mosimann et al. proposed a simplified model to depict how the
β-catenin-TCF/LEF complex sequentially recruits and interacts with activators to initiate and propagate
transcription activity [59]. Most of the transcriptional activators bind to the C-terminus of β-catenin.
However, some regulators bind to β-catenin N-terminus, such as BCL9/Pygo, which, thus, may be
specific regulators of Wnt-induced transcription activity. In vertebrates, BCL9/9L interacts with Pygo to
bind to the histone H3 tail methylated at lysine 4 (H3K4me), to promote Wnt-regulated transcription [60].
Moreover, a recent report indicates interactions between BCL9/9L, Pygo and nuclear co-receptor
complexes. BCL9/9L acts as a constitutive component in the Wnt enhanceosome and rearranges
under the Wnt stimulation, thus being considered as a regulator to integrate signals from hormones
and Wnt [61]. In addition to its function as a scaffolding protein for Pygo, BCL9/9L has also been
implicated in mediating transcriptional responses independent of Pygo in a cell type-specific manner.
This is supported by a transcription activation domain found in the C-terminus of BCL9/9L, which,
together with CREB-binding protein (CBP)/p300 and transformation/transcription domain-associated
protein (TRRAP)/GCN5, facilitates β-catenin-mediated transcriptional activity [62]. In colon cancer,
BCL9L appears to attenuate β-catenin’s association in adherens junctions, promoting its nuclear
translocation to upregulate Wnt signalling [44]. In addition, BCL9 plays a β-catenin-independent role
in promoting CRC via regulating the expression of stromal and neural associated genes [63]. Likewise,
in addition to behaving as a co-activator of β-catenin, Pygo may remodel chromatin via a PHD domain
to improve the accessibility of TCF/LEF or β-catenin to the transcription responses in CRC [64].

In addition to BCL9/Pygo, various nuclear mediators have been identified, and their existence
helps explain, to some extent, how β-catenin is recruited to the promoters of Wnt target genes and how
it complexes with TCF/LEF family members. For example, Transducin β-like protein 1 (TBL1) and
TBL1-related protein (TBLR1) have been identified as a cofactor exchange complex for transcriptional
activation [65]. Wnt-induced interaction between TBL1–TBLR1 and β-catenin can mutually promote
their migration to the promoters of Wnt targets following by removing repressors, TLE1 and histone
deacetylase 1 (HDAC1), to stimulate Wnt target gene expression [66]. Furthermore, PCNA-associated
factor (PAF) not only directs β-catenin to the promoters of Wnt target genes but also works as a
molecular adaptor responsible for the recruitment of EZH2. A non-canonical role for EZH2 has been
identified in stimulating Wnt/β-catenin transcriptional output. In this regard, EZH2, independent of
its methyltransferase function, plays a scaffolding role in bridging β-catenin to the Mediator complex
and RNA polymerase II (RNAPII) [67].

Some regulators are capable of promoting the assembly of the β-catenin-TCF/LEF complex to
enhance the transcriptional activity of the Wnt pathway. For example, a cell cycle regulator, Forkhead
box protein M1 (FOXM1), stabilised upon Wnt activation, antagonises β-catenin-interacting protein 1
(ICAT), an inhibitor for β-catenin-TCF/LEF complex. In this manner, FOXM1 enables the localisation
of β-catenin to promoter elements and facilitates the formation of the transcriptional complex [68].
Similarly, PLD1 (Phospholipase D1), a downstream target of Wnt signalling, enhances the interaction
between β-catenin and TCF4 by downregulating the expression level of ICAT, thus potentiating
β-catenin-dependent transcriptional activity [69,70]. Moreover, some regulators induce a positive
feedback loop to enhance Wnt/β-catenin outputs. Tribbles pseudo-kinase 3 (TRIB3), a stress sensor,
has been suggested as a marker of CRC patients [71]. In the Wnt pathway, activated β-catenin
transcriptional complex improves TRIB3 expression. TRIB3 brings β-catenin in close proximity to TCF4
to transactivate Wnt targets [72]. Special AT-rich sequence-binding protein-1 (SATB1), a chromatin
organiser, participates in a reciprocal and bidirectional transcriptional regulation. B-catenin-TCF4
induces the expression of SATB1 and β-catenin-SATB1, in turn, maintains the transcription of TCF7L2
(encoding TCF4). It is assumed that the promoters of Wnt-regulated genes could be occupied by these
two complexes to modulate their transcriptional outputs [73] (Figure 3).
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Figure 3. Schematic depicting the molecular mechanism of co-activators involved in TCF/LEF-
dependent β-catenin transcriptional activities and their functional consequences. (A) TBL1 (Transducin
β-like protein 1) and TBLR1 (TBL1-related protein) interact with nuclear β-catenin, and the interaction
promotes their binding to the promoters of Wnt target genes. Subsequently, TLE1 and histone deacetylase
1 (HDAC1), two transcriptional repressors, are displaced to initiate downstream transcriptional
cascades. (B) PAF (PCNA-associated factor) recruits EZH2, a histone-lysine N-methyltransferase,
to the β-catenin-TCF/LEF complex. Consequently, EZH2 and the Mediator complex recruit RNA
polymerase II-dependent transcriptional machinery to activate Wnt target gene expression. (C) Under
Wnt stimulation, stabilised FOXM1 (Forkhead box protein M1) can release β-catenin from ICAT (aka
CTNNBIP1, β-catenin-interacting protein 1), thus abolishing its inhibition on β-catenin-TCF/LEF
complex to transcribe Wnt target genes. (D) TRIB3 (Tribbles pseudo-kinase 3) participates in
a positive feedback loop. TRIB3, a downstream target of the Wnt pathway, can stabilise the
β-catenin-TCF4 complex, thus improving its transcriptional activity. (E) SATB1 (Special AT-rich
sequence-binding protein-1) regulates TCF4 expression, and complexes with β-catenin to transcribe
Wnt downstream genes.

In Drosophila, binding of Armadillo (β-catenin) to TCF/LEF or binding of β-catenin-TCF/LEF
complex to DNA leads to repressed expression of some genes, such as Cdh1 (encoding E-cadherin) [74]
and Sr (encoding Stripe) [75]. This effect has been linked to the utilisation of non-common TCF/LEF
consensus binding sites [76]. Additionally, a switch for β-catenin-TCF/LEF complexes from an active to
repressive state can be achieved by disrupting the interaction between β-catenin and TCF/LEF. Nuclear
ICAT can impede the binding of β-catenin with TCF/LEF and p300 (an agonist of the Wnt pathway)
simultaneously to inhibit Wnt signalling [77,78]. Whereas, cytoplasmic ICAT can interfere with
β-catenin-mediated own degradation in the destruction complex in the context of activated Wnt or the
APC truncated state [79]. Dapper homolog 2 (DACT2) inhibits the Wnt pathway through two separate
mechanisms. Nuclear DACT2 disrupts the interaction between β-catenin and LEF1, and cytoplasmic
DACT2 represses β-catenin nuclear transport via restoring E-cadherin–β-catenin complex [80]. Chibby,
a newly identified β-catenin antagonist, can disrupt the association between β-catenin and LEF1,
and promotes β-catenin nuclear export via a chibby-14-3-3-β-catenin complex [81,82]. C-terminal
binding protein, CtBP, has been implicated in both the positive and negative regulation of nuclear
β-catenin activity. The inhibitory mechanisms of CtBP on transcriptional events are controversial,
possibly via either assembling with TCF/LEF directly [83,84] or reducing β-catenin nuclear availability
with the help of nuclear APC [85,86]. However, it is worth noting that CtBP has been demonstrated
to also play a role as a transcriptional coactivator for specific Wnt/β-catenin target genes in a TCF
dependent manner [87,88]. The ability of CtBP to function as a transcriptional repressor or activator
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depends on its conformational state. This is evidenced by the findings that CtBP dimers are implicated
in transcription suppression, whereas CtBP monomers can induce the expression of Wnt/β-catenin
targets [88]. In addition, LATS2 is a key component of the Hippo pathway, where it causes the retention
and degradation of cytoplasmic YAP, thus inhibiting cell proliferation and tumourigenesis [89]. In Wnt
signalling, LATS2, independent of its kinase ability, can target the interaction between β-catenin and
BCL9 to inactivate downstream transcription activity [90]. Osterix (OSX), a zinc-finger containing
transcription factor of the specificity protein (Sp) family, can lead to compromised β-catenin-TCF/LEF
transcription regulation by both enhancing DKK1 expression level and impairing the binding of
TCF/LEF to DNA [91] (Figure 4).

Figure 4
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Figure 4. Schematic representing the molecular mechanism of transcriptional repression in
TCF/LEF-dependent Wnt outcomes. B-catenin-TCF/LEF-regulated transcription can be inhibited
via various mechanisms, including 1. interfering with the interaction between β-catenin and TCF/LEF,
as shown for ICAT (aka CNNTBIP1, β-catenin-interacting protein 1), DACT2 (Dapper homolog 2),
Chibby, CtBP (C-terminal-binding protein 1), 2. binding with β-catenin to facilitate its nuclear export,
such as Chibby and CtBP, 3. interfering with the interaction betweenβ-catenin and its co-activators, such
as ICAT—targeting the β-catenin-p300 complex and LATS2—targeting the β-catenin-BCL9 complex
and 4. interfering with the binding of TCF/LEF to DNA, such as OSX (Osterix).

Identification of diverse nuclear regulators further supports that the activation of dysregulated
Wnt pathway in cancer extends beyond genetic mutations, such as those involved in APC or CTNNB1.
It is clear that future studies will be required to elucidate the mechanistic connection between
these regulators. This will help broaden potential therapeutic targets and will help provide novel
therapeutic methods for the cancers mainly driven by β-catenin-TCF/LEF complex, where APC
mutation is uncommon.

3. TCF/LEF-Independent β-Catenin Transcription Regulation

TCF/LEF family members are postulated to be the final effectors of the β-catenin-dependent
Wnt pathway [10]. However, accumulating evidence indicates β-catenin can interact with other
transcription factors to mediate gene expression changes. This seems to provide one explanation for the
surprising observations that TCF4 functions as a tumour suppressor in colon tumourigenesis [92,93].
β-catenin-driven malignant transformation can be mediated via its interaction with at least two
distinct downstream effectors TCF4 and YAP1-TBX5. Tyrosine kinase YES1 can phosphorylate YAP1,
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thus directing β-catenin-YAP1-TBX5 to the promoters of pro-survival genes, such as BCL2L1 and
BIRC5 [94]. On the other hand, nuclear YAP1 inhibits transcription in β-catenin-active colon cancers
via regulating chromatin state through the SWI/SNF complex [95]. Nuclear activation of endogenous
YAP/TAZ stabilises TLE, an antagonist of the β-catenin-TCF4 transcriptional complex, which causes
Wnt signalling suppression and loss of intestinal stem cells [96]. Cytoplasmic YAP plays suppressive
functions in Wnt signalling outputs. It can suppress Wnt signalling through diverse mechanisms,
including 1. suppressing nuclear transmission of DVL, an agonist of Wnt pathway [97], and β-catenin
itself [98] and 2. recruiting β-TrCP to inactivate β-catenin [99]. Additionally, TEAD4, a transcription
factor of the Hippo pathway, can complex with TCF4 to potentiate the expression of a set of Wnt
genes [100]. Altogether, nuclear YAP1 and TEAD4 can compete or assist with TCF4 to regulate Wnt
target gene expression, thus hinting at TCF/LEF is not the only transcription factor to transduce
Wnt signalling.

Functional interplay with accessory transcription factors provides the ability to fine-tune
β-catenin-regulated gene expression. For example, the interaction between β-catenin and OCT4,
a master regulator of stem cell pluripotency, promotes stem cell pluripotency via enhancing OCT4
transcriptional activity [101] and inducing β-catenin proteasomal degradation [102]. Some nuclear
regulators interact with β-catenin to initiate specific transcription programs that enable cancer cells
to adapt to hypoxic conditions in tumour growth [103]. For example, FOXO is a subfamily of
transcription factors regulating apoptosis, proliferation and oxidative stress. FOXO can disrupt
the β-catenin-TCF/LEF complex to suppress Wnt signalling, but can also assemble with β-catenin
to promote the transcription of FOXO-regulated target genes [104,105]. In colorectal cancer cells,
HIF-1α, the oxygen-sensitive subunit of hypoxia-inducible factor-1 (HIF-1), directly binds to β-catenin,
thus impeding the interaction between β-catenin and TCF4. This inhibits the Wnt pathway but
potentiates the expression of HIF-1α-dependent targets [106].

β-catenin can bind with other transcription factors, usually counteracting TCF/LEF-dependent
transcription, to facilitate the expression of different sets of genes associated with various functions,
such as pluripotency, pro-survival and tumour metabolism. Further supporting this view, Doumpas et
al. indicated that β-catenin can swap between different transcription factors to regulate the expression
of β-catenin-dependent genes when TCF/LEF are absent or the interaction between β-catenin and
TCF/LEF is inhibited [107]. In sum, β-catenin regulates different stages of homeostatic and tumourigenic
development through context-specific interactions with different accessory transcription factors. It is
necessary that future work will be needed to identify the specific key regulators which recruit β-catenin
to specific transcription factors and the downstream functional consequences.

SOX9 (sex-determining region Y (SRY)-box 9 protein), an intestinal crypt transcription factor,
exerts crucial roles in regulating Paneth cell differentiation in the intestinal epithelium [108,109].
SOX9 is itself a Wnt downstream target gene, and its expression can inhibit intestinal lineage and
differentiation markers such as CDX2 and MUC2 genes. This, in turn, helps to maintain a progenitor
cell phenotype [110]. However, the roles of SOX9 in intestinal tumourigenesis remain controversial.
According to some models, loss of SOX9 activity has been proposed to promote tumourigenesis. In one
example, it has been postulated that SOX9 represses the expression of one of the claudin family polarity
maintenance genes, CLDN7 (encoding Claudin-7). Consistent with this, Claudin-7 overexpression was
found to promote loss of tumour cell polarity and tumourigenesis in a SOX9 dependent manner [111].
Nevertheless, SOX9 has also been found to be overexpressed in some CRCs [112], and oncogenic
functions have been reported for SOX9 in the context of colon tumour development [113]. Subsequent
studies have alluded to a context-dependent role for SOX9 [114], which may provide an explanation
for these contradictory results.

Additionally, it has been demonstrated that some transcription factors can antagonise the binding
of the β-catenin-TCF/LEF complex at relevant genomic loci to differentially regulate gene expression.
GATA6, belonging to the GATA family of zinc-finger transcription factors, is one such example.
GATA6 competes with the β-catenin-TCF4 complex to bind to the enhancer elements of BMP4 to
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inhibit its expression, ultimately restricting BMP signalling to differentiate tumour cells in CRC [115].
Furthermore, it can directly potentiate the expression of Wnt/β-catenin target gene LGR5 in CRC
cells [116]. These observations suggest that GATA6 cooperates with β-catenin at several levels to
synergise Wnt and BMP signalling within the context of cancer initiation.

4. Mediator Kinase of β-Catenin-Mediated Transcriptional Output

The Mediator complex acts as a crucial component in transcription regulation, in light of its ability
to transduce signals from pathway-specific transcription factors (TFs) to regulate RNA polymerase II
(RNAPII) activity [117,118]. Depending on its functional configuration, the Mediator complex consists
of 25 to 30 proteins, which can be classified into four submodules—head, middle, tail and Mediator
kinase (Cyclin-dependent kinase 8 (CDK8), 19) module. The CDK8 module contains CDK8 (or its
CDK19 paralog), Cyclin C (encoded by CCNC), MED12 and MED13 subunits. CDK19, a highly
conserved paralog of CDK8 in vertebrates, shares conservation in the kinase and cyclin binding domain
but is divergent at the C-terminal tail [119]. CDK8 and CDK19 are incorporated into the Mediator kinase
module by way of binding MED12 in a mutually exclusive manner. Cyclin-dependent kinase (CDK)
proteins mainly consist of two types of members, cell cycle progression CDKs, such as CDK1, CDK2 and
CDK4/6, and transcriptional CDKs, such as CDK7, CDK9 and CDK8/19 [120]. These transcriptional
CDKs complex with their cyclin subunit to phosphorylate the C-terminal domain (CTD) of RNAPII,
regulating transcription initiation, elongation and mRNA processing [121]. Unlike CDK7 and CDK9,
CDK8/19 activity is dispensable for general transcription regulation and normal cell growth. Recently,
the CDK8 kinase function has been linked to an “activation helix” placed by MED12 close to the
CDK8 T-loop [122]. CDK8/19 acts downstream of several transcription factors, such as HIF-1α [123]
and NFκB [124], to transcribe their target genes. In addition, apart from its action on RNAPII,
CDK8 phosphorylates some TFs, such as SMAD, to regulate β/BMP signalling [125]. CDK8/19 is
associated with diverse TFs to selectively enhance the expression of silent genes, implying their
regulation is in a context-specific manner.

CDK8/19 has been implicated in several cancers, especially those induced by dysregulated gene
expression rather than mutations [126]. It has been more than a decade since CDK8 was identified as
an oncoprotein in colon cancer. CDK8 was found to act, in a kinase-dependent manner, as a driver of
β-catenin-dependent transcription and colorectal cancer proliferation [127]. The underlying molecular
mechanisms of how CDK8 regulates β-catenin-dependent transcription are less-well defined, especially
considering that the critical kinase substrates of CDK8 that mediate this activity are yet to be identified.
Converging genetic studies have demonstrated that the ability of CDK8 to drive β-catenin-regulated
gene expression is likely Mediator complex dependent. Aside from CDK8, Mediator kinase submodule
proteins MED12 and MED13 have been implicated in recruiting Mediator to Wnt-directed target
genes and regulating β-catenin transcriptional output [128,129]. Furthermore, repressing the CDK8
co-factor, Cyclin C, produces similar influences on β-catenin-mediated transcription as the inhibition
of CDK8 [127]. Nevertheless, it has also been proposed that CDK8 can exert its effects on β-catenin
indirectly via potentially Mediator-independent mechanisms. Morris et al. suggested pRB and CDK8
can counteract the inhibition of E2F1 on β-catenin-regulated transcription to enhance the expression
of Wnt/β-catenin genes [130]. Indeed, chromosomal copy number gains in both CDK8 and RB1 loci
on 13q in colorectal cancer cells provide a clear explanation of how they select optimal conditions
to antagonise E2F1 suppressions [127,130]. E2F1 can post-translationally degrade β-catenin [130]
and can activate ICAT which disrupts β-catenin-TCF/LEF complex [131]. The physical interaction
between CDK8 and E2F1 at the promoters of β-catenin targets, such as MYC, provides a basis for
understanding how Mediator kinase may enhance β-catenin transcriptional output [130]. Subsequent
studies have further demonstrated that CDK8 phosphorylates Ser375 on E2F1 in colon cancer cells.
This phosphorylation alleviates the E2F1 repressive effects on β-catenin-associated transcription [132].
Together, these data imply that E2F1 could be one of the crucial substrates of CDK8 to enable its
regulation on Wnt/β-catenin transcriptional output. Moreover, a recent study identifies YAP as a novel



Cells 2020, 9, 2125 10 of 29

substrate of CDK8. In Hippo signalling, YAP is phosphorylated directly by CDK8 to induce its function,
and the phosphorylated YAP can be regulated further by Zyxin, a zinc-binding phosphoprotein, to
promote cell proliferation and migration in CRC [133]. In conclusion, CDK8 kinase activity plays
an essential role in driving oncogenic events. It can activate different substrates that are associated
with intestinal neoplasia and tumour progression. Accordingly, it is quite possible that therapeutic
interventions targeting its kinase activity could have clinical value in the treatment of CRC.

5. Chromatin States Regulate β-Catenin-Mediated Transcriptional Output

Chromatin remodeling is an essential step for transcription regulation. The nucleosome, the basic
subunit of chromatin, is composed of histones H2A, H2B, H3, H4 and 146 base pairs (bp) of DNA.
These histone tails undergo diverse post-translational modifications, such as acetylation, methylation,
phosphorylation, ubiquitination, sumoylation and ADP ribosylation. Such modifications can increase or
decrease the accessibility of DNA for transcriptional regulators to coordinate gene expression [134–136].
Histone acetyltransferases (HATs) and deacetylases (HDACs) are associated with enhanced and
decreased acetylation, which mark gene activation and repression, respectively [137]. Furthermore,
histone methylation can both alter chromatin accessibility and epigenetically activate or inactivate
gene expression. The dynamic balance between histone methylation and demethylation is mediated
by histone methyltransferases (HMTs) and demethylases (HDMs), respectively [138]. In addition to
histone modification, chromatin remodeling is also an important epigenetic event. ATP-dependent
remodeling complexes can alter the location and configuration of the nucleosome, and the changed
chromatin can participate in either gene activation or inhibition [137]. Epigenetic regulation is
involved in various events, including transcription, replication, repair and genome stability. Lastly,
chromatin modifiers have been reported to have essential influences on cancer etiology [139–141].
In Wnt signalling, various chromatin modifiers have been identified as activators or repressors of
Wnt/β-catenin transcriptional outputs (Figure 5).

5.1. Histone Acetyltransferases (HATs)

HATs can transfer acetyl groups to lysine tails on histones to improve/inhibit gene expression [142].
CBP and its paralogue p300 are members of the mammalian HATs. They may function as scaffolds
to associate simultaneously with the basal transcription factors such as TBP, TFIIB and/or RNA
polymerase II and with upstream transcription factors to form stable transcription complexes [143].
Additionally, CBP/p300 can acetylate histones and non-histone transcription-associated proteins to
work as HATs and factor acetyltransferases (FATs), respectively [144]. CBP and p300 have been found
to regulate Wnt/β-catenin target gene expression. In Drosophila, dCBP can acetylate dTCF to decrease
its affinity with Armadillo (β-catenin) to inhibit Wingless signalling [145]. Conversely, dCBP can
also associate directly with Armadillo (β-catenin), upon which it is directed to a Wnt responsive
element to activate Wg targets [146]. In vertebrates, CBP and p300 are reported to positively promote
the expression of Wnt target genes either via interacting with β-catenin [147–150] or via acetylating
β-catenin itself. Despite high homology between CBP and p300, converging evidence suggests that
their functions are not completely redundant, which is supported by observations that CBP and p300
acetylate different sites on β-catenin as well as mediate the transcription of different Wnt/β-catenin
target genes [151–153]. Indeed, acetylation of the β-catenin protein has been pinpointed to Lys49 and
Lys345 by CBP [154] and p300 [155], respectively. The utilisation of these different HATs to regulate
β-catenin activity may be context-specific. For example, dynamic switching from CBP to p300 has
been linked with adult progenitor cell differentiation [156]. In addition to CBP/p300, acetyltransferase
PCAF has also been demonstrated to promote β-catenin activity in an acetylation dependent manner.
PCAF was shown to directly acetylate β-catenin, thereby inhibiting its degradation and promoting its
nuclear accumulation and activity [157]. Lastly, the TRRAP/TIP60 histone acetyltransferase complex
participates in β-catenin-regulated transcription. TIP49a/b (also known as Pontin52/Reptin52) and
TIP60 are subunits of the complex [158]. TIP49a and TIP49b all bind directly with β-catenin and
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TBP, whereas they regulate β-catenin-dependent transcription in an antagonistic manner. TIP49a
acts as an important regulator for β-catenin-activated transcription in normal and neoplastic cells,
while TIP49b inactivates gene expression mediated by the β-catenin and TCF/LEF complex [159,160].
For example, the expression of KAI1, a metastasis suppressor gene, is triggered by the P50-Pontin-TIP60
complex but is repressed by the P50-β-catenin-Reptin complex [161]. In general, these data illustrate
the general principle that HATs facilitate Wnt/β-catenin mediated transcriptional output and are critical
modulators of β-catenin functions at the level of intestinal homeostasis and tumour pathogenesis.Figure 5

TCF/LEF

ß-catenin

Ac

Ac

Histone

HATs

HDACs

Histone

Me

Me

HMTs

HDMs

Ac

Me

Histone acetylation

Histone methylation

Supportive or Repressive roles

Repressive roles

Supportive roles

Supportive roles

Supportive or Repressive roles

Wnt target genes

HDACs:
1), HDAC1
2), HDAC2
3), SIRT1

HDMs:
1), KDM3
2), KDM3A
3), KDM4D
4), KDM1A

SWI/SNF complex:
1), BRG1
2), SNF5
3), BAF57-AGGF1
4), ARID1A
5), ARID1B

HATs:
1), CBP/p300
2), PCAF
3), TRRAP/TIP60 

HMTs:
1), MLL1
2), hSETD1A
3), EZH2
4), SET8
5), SETDB1
6), DOT1L
7), PRMT5

Figure 5. Overview of chromatin modifiers involved in β-catenin-dependent transcriptional
regulation and their roles in the Wnt pathway. HATs (histone acetyltransferases, transferring
acetyl groups to histones): CBP (CREB-binding protein)/p300, PCAF (p300/CBP-associated factor),
TRRAP (Transformation/transcription domain-associated protein)/TIP60; HDACs (Histone deacetylase,
removing acetyl groups from histones): HDAC1 (Histone deacetylase 1), HDAC2 (Histone deacetylase
2), SIRT1 (NAD-dependent deacetylase sirtuin-1); HMTs (Histone methyltransferases, transferring
methyl groups to histones): MLL1 (Mixed-lineage leukemia 1 or Histone-lysine N-methyltransferase
2A), hSETD1A (human SET domain containing protein 1A), EZH2 (Enhancer of zeste 2 polycomb
repressive complex 2 subunit), SET8 (SET domain-containing protein 8), SETDB1 (SET domain
bifurcated 1), DOT1L (DOT1 like histone lysine methyltransferase), PRMT5 (Protein arginine
N-methyltransferase 5); HDMs (Histone demethylases, removing methyl groups from histones):
KDM3 (Lysine-specific demethylase 3), KDM3A (Lysine demethylase 3A), KDM4D (Lysine-specific
demethylase 4D), KDM1A (Lysine demethylase 1A); SWI/SNF: BRG1 (Transcription activator BRG1),
SNF5 (BRG1-associated factor 47), BAF57 (BRG1-associated factor 57), AGGF1 (Angiogenic factor
with G patch and FHA domains 1), ARID1A (AT-rich interactive domain-containing protein 1A),
ARID1B (AT-rich interactive domain-containing protein 1B).
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5.2. Histone Deacetylases (HDACs)

HDACs can remove acetyl groups from lysine tails on histones to counteract the activity of HATs.
This causes chromatin to be compacted, thus inactivating the transcription of target genes. HDAC1 can
combine with LEF1 to suppress Wnt/β-catenin target gene expression, whereas β-catenin can displace
HDAC1, followed by interaction with LEF1 to render the new complex ready for activation [162].
On the other hand, HDAC1/2 can compete with β-catenin to interact with TCF4 to exert their repression
on Wnt targets [163]. NAD-dependent deacetylase sirtuin-1 (SIRT1) inhibits β-catenin transcriptional
activity and drives the cytoplasmic transfer of oncogenic β-catenin, which represses colon tumour
formation [34]. Together, HDACs are generally responsible for transcription repression. Rather than
silencing tumour suppressor genes, HDACs exert suppressive roles in Wnt signalling, which helps
maintain the balance of intestinal homeostasis.

5.3. Histone Methyltransferases (HMTs)

Histone methylation includes histone lysine methylation and histone arginine methylation.
Histone lysine methylation can happen on lysine residues, such as Lys4, Lys9, Lys27, Lys36 and Lys79,
of histone H3 and Lys20 of histone H4 via mono-, di-, or trimethylated manners [164]. In addition,
a SET domain is contained in almost all lysine histone methyltransferases (HMTases), and it imparts
the catalytic activity necessary for methylating lysine residues on histones H3 or H4 [165].

Lysine methyltransferases family 2 (KMT2) can methylate Lys 4 of histone H3 (H3K4), which is
related to gene activation in eukaryotes [166]. The family exists in the COMPASS complex and consists
of five members—SET1, mixed-lineage leukemia 1 (MLL1), MLL2, MLL3 and MLL4 in mammalian
cells [167]. MLL1 (encoded by KMT2A), the member of a mammalian trithorax-group (trx-G) gene,
plays an essential role in maintaining the expression of the Hox gene during development [168].
Nascent MLL1, via a cleavage modification catalyzed by Taspase1, can be re-assembled into mature
MLL1 complex. In human acute leukemia, inter-chromosomal translocations involve in the KMT2A gene,
leading to the formation of new chimeric MLL1 fusion proteins, which lose the H3K4 methyltransferase
domain [169–172]. Additionally, MLL1 has been linked with CRC development [173]. MLL1 is
involved in regulating Wnt/β-catenin target gene expression [86]. Subsequent studies have shown
that β-catenin can configure chromatin via MLL1-dependent H3K4 trimethylation (H3K4me) in the
salivary gland and head and neck tumours. MLL1 indirectly binds with β-catenin via CBP, and the
complex usually works with TCF4 to transcribe Wnt/β-catenin target genes [174,175]. In addition, in
brain glioma, Pygo2 has been reported to promote the recruitment of MLL1 and MLL2 complex to
upregulate H3K4me3 level and Wnt target gene transcription [176]. Human SET domain containing
protein 1A (hSETD1A), another member of the trithorax (TrxG) family, can interact with β-catenin
so as to be recruited to the promoters of Wnt-associated genes. After that, it can methylate H3K4 to
assemble transcription preinitiation complex and then activate transcription [177].

EZH2, a catalytic subunit of the polycomb repressive complex 2 (PRC2), targets H3K27 methylation
to inactivate gene transcription [178]. In hepatocarcinogenesis and osteoarthritis, EZH2 can activate
Wnt/β-catenin signalling by enhancing H3K27me3 on SFRP1 promoter, a Wnt inhibitory gene [179,180].
Additionally, SET8 (encoded by KMT5A) is a member of the SET domain-containing methyltransferase
family and is specifically responsible for H4K20 monomethylation to control gene expression [181].
In Wnt/β-catenin signalling, SET8 has been shown to directly associate with TCF4, likely through H4K20
monomethylation regulation at the promoters of Wnt-associated gene, to promote their expression
in mammalian cells. Of note, it only performs this function upon β-catenin displacement of the
transcriptional co-repressor Groucho/TLE from TCF4 upon Wnt activation [182]. Furthermore, SET8 has
been suggested to enhance β-catenin-regulated transcription by promoting its dissociation from
adherens junctions [183]. SET domain bifurcated 1, (SETDB1), is an H3K9 histone methyltransferase.
SETDB1 can be recruited by activated Notch signalling to the promoters of Wnt-response genes,
thus inhibiting their expression in CRCs [184].



Cells 2020, 9, 2125 13 of 29

Unlike other lysine HMTases, DOT1L functions as H3K79 methyltransferase despite lacking a
SET domain [185]. In leukemia, DOT1L can specifically bind to MLL1 fusion proteins to promote
tumourigenesis [172]. In addition, DOT1L-mediated H3K79 methylation is essential for maintaining
intestinal homeostasis. AF10 and DOT1L can combine with the β-catenin-TCF4 complex to induce
H3K79 methylation, directing transcription elongation at Wnt target genes [186]. Successful isolation
of a DOT1L-containing multi-subunit complex suggests physical associations between DOT1L and
β-catenin. Moreover, H2B monoubiquitination seems to be a prerequisite for DOT1L-induced H3K79
trimethylation to mediate Wnt gene expression [187]. On the other hand, in the context of cartilage
homeostasis, DOT1L inactivates Wnt signalling in a SIRT1 dependent manner [188].

Additionally, histone arginine residues can also be methylated by protein arginine methyltransferases
(PRMTs). PRMTs have nine isoforms in mammalian genomes and catalyze three different types of
arginine methylation, including monomethylation as well as asymmetric and symmetric dimethylation.
PRMT5 is responsible for symmetric demethylation, which modifies histones H3 and H4 to inhibit gene
transcription. In lung and blood cancers, PRMT5 is overexpressed and works as a transcriptional repressor
to inhibit tumour suppressor expression [189,190]. In lymphoma, PRMT5 promotes Wnt/β-catenin
signalling through directly inhibiting the expression of AXIN2 and WIF1, two antagonists of the pathway,
and indirectly activating AKT/GSK3β signalling [191]. However, in chronic myelogenous leukemia,
PRMT5 is suggested to promote DVL3 expression epigenetically, an agonist of Wnt signalling, to activate
the pathway [192]. Moreover, in hepatocellular carcinoma (HCC), PRMT5 andβ-catenin may competitively
interact with metadherin (MTDH), an oncoprotein, which regulates the Wnt pathway to promote HCC
metastasis. MTDH overexpression causes the transport of PRMT5 from the nucleus to the cytoplasm,
followed by that of β-catenin from the cytoplasm to the nucleus, which upregulates Wnt signalling [193].

Overall, HMTs play critical roles in promoting Wnt signalling by promoting the expression
of agonists or inhibiting the expression of antagonists of the pathway. Moreover, dysregulation of
HMT activity in the context of the Wnt pathway has been linked to many tumour types, but the
prevalence of different enzymes is identified in specific organs, suggesting their tissue-specific
tumour-promoting functions.

5.4. Histone Demethylases (HDMs)

Protein lysine demethylases (KDMs) can modify chromatin by demethylation of histone or non-
histone protein lysine residues. Recently, some KDMs have been implicated in human CRC mainly
through epigenetic modifications on H3K9, which augments Wnt/β-catenin signalling. H3K9 is
involved in gene silencing, and KDM3 can directly remove suppressive H3K9me2 marks to activate Wnt
downstream gene expression epigenetically. KDM3 can also drive MLL1-dependent H3K4 methylation
to promote the binding of BCL9 and Pygo2 to chromatin, thus contributing to Wnt/β-catenin related
transcription activation [194]. Additionally, KDM3A (aka JMJD1A) can also erase repressive marks
from H3K9me2, in conjunction with β-catenin, to enhance transactivation of Wnt/β-catenin target
genes [195]. Another lysine demethylase, KDM4D (aka JMJD2D), can associate physically with
β-catenin and remove methyl modifications from H3K9me3 to promote β-catenin-regulated gene
expression [196]. While the current literature suggests that KDMs remove repressive epigenetic
modifications on Wnt/β-catenin targets to promote colon tumourigenesis, the context and temporal
nature of these effects require further investigation. In addition, KDM1A (aka LSD1), independent of
its demethylase catalytic activity, promotes intestinal tumourigenesis by upregulating Wnt signalling
via inhibiting the expression of DKK1, an antagonist of the Wnt pathway [197]. These data highlight
the emerging role of histone demethylases in directly modulating β-catenin transcriptional output.

5.5. SWI/SNF Complex

SWI/SNF is a conserved subfamily of ATP-dependent chromatin-remodeling complexes from
yeast to human [198]. They can utilise ATP to modify chromatin and shuffle nucleosomes so as to
act as an activator or repressor of gene expression. SWI/SNF complexes may include, in a mutually
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exclusive manner, either the BRM or BRG1 ATPase subunit, which is essential to drive chromatin
remodeling [199]. In addition, the SWI/SNF complex performs its functions via engaging with specific
transcription factors due to a lack of intrinsic DNA-binding specificity within the complex itself [199,200].
For example, the SWI/SNF complex can be recruited to the promoters of Wnt targets via interaction
between β-catenin and BRG1, which regulates transcriptional activity in the context of Wnt/β-catenin
signalling [201]. Moreover, loss of BRG1 reduces RNF43 expression, a suppressor of Wnt/β-catenin
signalling, thus promoting Wnt/β-catenin pathway activation and CRC metastasis [202]. Remarkably,
telomerase and Wnt/β-catenin pathway can also converge, via the association between TERT and BRG1,
to synergistically mediate stem cell development [203]. Another subunit, SNF5, exerts suppressive
effects on the Wnt/β-catenin pathway. Its loss leads to hyperactivation of the signalling owing to
the uncoupling of Wnt target activation at a chromatin level from the control of the upstream Wnt
pathway [204]. Additionally, angiogenic factor with G patch and FHA domains 1 (AGGF1), a secreted
angiogenic growth factor, can interact with BRG1-associated factor 57 (BAF57), a subunit of SWI/SNF
complex, and β-catenin to promote the expression of LEF1 and AXIN2, two Wnt/β-catenin target
genes [205].

The BAF chromatin-remodeling complex, an analogue of the SWI/SWF complex, has also recently
been reported to regulate Wnt signalling. For example, AT-rich interactive domain-containing protein
1 (ARID1), the largest subunit of the complex, possesses two isoforms—ARID1A and ARID1B.
The deficiency of ARID1A can drive CRC without APC mutations owing to the dysregulation of
enhancer activity [206]. Subsequently, it has been reported that ARID1A is indispensable for intestinal
homeostasis maintenance via regulating the Wnt pathway and SOX9 expression [207]. Lastly, in the
context of neurodevelopment, ARID1B interacts with β-catenin via BRG1 to suppress Wnt-mediated
downstream transcription. Mutations in ARID1B partly or completely abrogate its binding sites with
BRG1, thus alleviating its suppressive effects on the Wnt/β-catenin pathway [208].

6. Therapeutic Strategy

The clinical implications of targeting the Wnt signalling pathway has been recognised for decades.
Nevertheless, this has not been translated into the clinic for reasons detailed below. Dysregulated
Wnt pathway can be targeted at three different levels: the Wnt-receptor complex, the cytoplasmic
destruction complex and the nuclear β-catenin-TCF/LEF complex. Regulators involved in downstream
transcriptional levels emerge as the most attractive targets for drug development. The implications of
APC loss in the vast majority of CRC make inhibitors targeting Wnt signalling components upstream
of the destruction complex ineffective. One exception is CRCs harbouring RSPO2/3 fusions [209].
While accounting for only 1–3% of CRC cases, the ability to therapeutically target RSPO2/3 fusion
driven CRCs offers a proof of concept evidence that specific cancer targeting for the Wnt pathway
can be achieved [210]. Recent studies in human colon organoids and in in silico genetic interaction
analysis provide a model of how homeostatic and oncogenic Wnt responses can be untangled and
stratified [211,212]. Diverse transcriptional regulators provide potential avenues to identify those
only contributing to tumourigenesis. This diversity within this growing toolbox of targets offers
opportunities to design rational therapies that will specifically target oncogenic signalling with minimal
normal toxicities.

Disrupting protein–protein interactions in transcriptional complexes opens a new therapeutic
window for anti-cancer drug development, although the transient nature of some interactions hinders
effective drug development. Currently, most of the inhibitors targeting transcriptional level in Wnt
pathway attempt to disrupt β-catenin-TCF4 interactions [213–218]. In addition, inhibitors interfering
with the interaction between β-catenin and CBP may be suggested as attractive candidates [219–222].
Recently, in APC-deficient models, it was demonstrated that abrogation of BCL9/9L cannot
affect intestinal homeostasis, but can negatively influence intestinal neoplasia, thus highlighting
the therapeutic potential of targeting the interaction between β-catenin and BCL9/9L [223,224].
Kinase inhibitors are a mainstay of cancer therapies. The ability of a specific CDK8/19 kinase inhibitor,
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CCT251545, inhibits Wnt pathway-induced tumours in mouse models [225]. Similarly, another kinase,
YES1, implicated in YAP dependent β-catenin transcriptional output, can be inhibited by CH6953755 to
restrict YES1-YAP1-dependent tumour growth [94,226]. Lastly, NSC48300, a pharmacologic inhibitor
for Taspase1, can effectively inactivate breast and brain tumour growth via preventing the formation of
a mature MLL1 complex [227]. Current inhibitors and their drug development status are summarised
in Table 2.

Table 2. Summary of potential therapeutic strategies and inhibitors targeting dysregulated Wnt pathway.

Therapeutic Strategies Targets Inhibitors Clinical Stage

Targeting the
Wnt-receptor complex

Porcupine (PORCN)
(important for
Wnt secretion)

LGK974 [228]; ETC-159 [229]; LGK974; ETC-159

WNT-FZD
Vantictumab (OMP-18R5) [230]; Ipafricept

(OMP-54F28) [231]; SFRP-1 [232];
Foxy-5 [233]; OTSA-101 [234]

OMP-18R5; OMP-54F28;
Foxy-5; OTSA-101

LRP Niclosamide [235]; Salinomycin [236];
Monensin [237]

Niclosamide
(FDA approved)

RSPO OMP-131R10 [238] OMP-131R10

Targeting the
cytoplasmic destruction

complex

FZD-DVL 3289-8625 [239]; FJ9 [240]; NSC668036 [241] None

Tankyrase
(an inhibitor of AXIN)

XAV939 [242]; IWR-1 [243];
JW55/67/64 [244,245]; JW74 [246];

G007-LK [247]; MSC2504877 [248];
RK-287107 [249]; NVP-TNKS656 [250]

None

CK1 Pyrvinium [251] Pyrvinium
(FDA approved)

GSK3 LY2090314 [252] LY2090314

Targeting the nuclear
β-catenin-TCF/LEF

complex

B-catenin MSAB [253] None

B-catenin-TCF4 PKF115-584 and CGP049090; iCRT3, 5, 14;
NC043; BC21; LF3; HI-B1 [213–218] None

B-catenin-CBP ICG-001 [219–221]; PRI-724 [254] PRI-724
B-catenin-BCL9/9L SAH-BCL9 [255]; hsBCL9CT [256] None

B-catenin-TRIB3 P2-T3A6 [72] None
TNIK N5355 [257] None

CDK8/CDK19 CCT251545 [225] None

Table 2 summarises the main therapeutic strategies, targets and inhibitors of the Wnt pathway in cancer. The clinical
status of each inhibitor is noted. Of note, niclosamide and pyrvinium have been approved by FDA.

Epigenetic modifications are reversible, thus attracting extensive attention to targeting abnormal
epigenetic events so as to revert the cancer phenotype to a normal state. Despite promising therapeutic
potential in hematopoietic malignancies, it is not clear why epigenetic inhibitors exert less efficacy in
solid tumours. Currently, drugs targeting epigenetic regulators directly in CRC are missing. Resistant
mechanisms need to be explored to provide a better opportunity for the development of epigenetic
drugs in solid cancers.

7. Conclusions

Canonical Wnt signalling regulates multiple events involved in embryogenesis and adult
homeostasis. In the adult intestine, the Wnt pathway is activated at the bottom of the crypt to
maintain intestinal stem cell compartments. However, dysregulation of the Wnt pathway plays
a primary role in driving colon cancer cell growth, invasion and survival. While the loss of APC
and its consequence in leading to β-catenin accumulation in CRC is well described, mounting data
highlight the importance of regulatory networks within the nucleus essential to mediate β-catenin
activity. In this review, we have catalogued the main nuclear effectors of β-catenin activity in both
tumourigenesis and normal homeostatic control. In addition to their diversity and complexity, as we
have detailed, how some nuclear regulators can switch roles from positive to negative effectors based
on their conformation (e.g., CtBP), multimolecular assembly (e.g., BRG1), subcellular localisation
(e.g., YAP), enzyme activity (e.g., CDK8) or specific tissue distribution (e.g., SIRT1). Furthermore,
as we have shown, regulatory event at the level of chromatin configuration and structure expands the
ability to control Wnt signalling at a functional and contextual level. Indeed, as illustrated in a number
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of examples in this review, the ability of regulators to act as activators or repressors may be distinctly
contextual on whether the Wnt signal is maintaining gut homeostasis or driving tumourigenic outputs.

Despite intense efforts, clinically approved drugs targeting this pathway are lacking, with a
dearth of inhibitors in the clinical trial phases. One explanation centers on the difficulty of untangling
Wnt signalling in normal tissue homeostasis from its role in cancer growth. This is underscored by
the fact that Wnt pathway inhibitors have generally been found to exhibit toxic effects associated
with their on-target activity on normal Wnt pathway signalling. The emerging theme of contextual
effect in relation to the ability of nuclear regulators to modulate β-catenin activity offers hope in this
regard. As we have illustrated, a number of nuclear β-catenin effectors seem to act in a cancer- or
disease-specific manner, raising hope that their targeting may offer a more effective therapeutic window.
Conversely, the plasticity of some nuclear β-catenin effectors with respect to their temporal, spatial or
compositional features highlights challenges in effectively targeting components which, for example,
may actively switch between oncoprotein and tumour suppressor roles. Clearly, additional studies
are necessary to understand better the mechanistic underpinnings that may explain this observed
plasticity. Indeed, the general concept of proteins changing shape and function to coordinate signalling
pathways in response to specific stimuli is well described. As in other systems, a deeper and more
comprehensive characterisation of the protein networks which regulate β-catenin transcription will
eventually drive the identification of attractive therapeutic targets. In sum, despite the passing of three
decades since the initial identification of the Wnt pathway, we have only touched the tip of the iceberg
in understanding the intricacies of this signalling pathway. The rewards to be gained from further
exploration and characterisation of nuclear β-catenin regulators are immeasurable for the millions of
patients affected by Wnt pathway-related diseases every year.
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