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Abstract

The Wnt/B-catenin signaling pathway plays a crucial role in various physiological processes, encompassing

development, tissue homeostasis, and cell proliferation. Under normal physiological conditions, the Wnt/B3-catenin
signaling pathway is meticulously regulated. However, aberrant activation of this pathway and downstream target
genes can occur due to mutations in key components of the Wnt/B-catenin pathway, epigenetic modifications,
and crosstalk with other signaling pathways. Consequently, these dysregulations contribute significantly to tumor
initiation and progression. Therapies targeting the Wnt/3-catenin signaling transduction have exhibited promising
prospects and potential for tumor treatment. An increasing number of medications targeting this pathway are
continuously being developed and validated. This comprehensive review aims to summarize the latest advances
in our understanding of the role played by the Wnt/R-catenin signaling pathway in carcinogenesis and targeted

therapy, providing valuable insights into acknowledging current opportunities and challenges associated with
targeting this signaling pathway in cancer research and treatment.

Introduction

The Wnt/p-catenin signaling pathway, also referred to
as the canonical Wnt signaling pathway, is a conserved
and pivotal axis in orchestrating multiple cell-signaling
cascades. It plays an indispensable role in a wide range
of physiological processes encompassing proliferation,
differentiation, apoptosis, migration, invasion and tissue
homeostasis [1-3]. An increasing number of studies have
substantiated that the dysfunction of the Wnt/B-catenin
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pathway contributes significantly to the pathogenesis of
various diseases, including solid tumors, hematologi-
cal malignancies, and sarcoma [4—6]. Biochemical and
genetic studies have long elucidated the crucial role of
abnormal transcriptional regulation in the early stage of
carcinogenesis [6, 7]. With increasing evidence support-
ing the involvement of the Wnt/[-catenin pathway in car-
cinogenesis, researchers envision its potential to pave the
way for targeted drug development in cancer treatment.
Several inhibitors, such as cinobufacini, curcumin, vita-
min D, sulindac, and glutaminase 1, have already been
identified for impeding carcinogenesis [8—12]. However,
the majority of these findings are currently in the pre-
clinical research stage [13]. Therefore, there remains a
substantial journey ahead to develop efficacious medica-
tions targeting the Wnt/p-catenin signaling pathway. In
this review, our objective is to present a comprehensive
perspective on Wnt/B-catenin as one of the most crucial
mediators in carcinogenesis and provide insights into
novel strategies targeting this pathway.
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Overview of the Wnt/B-catenin signaling pathway
The Wnt gene is synonymous with the Drosophila seg-
ment polarity gene Wingless and the murine proto-onco-
gene integration 1, which was molecularly characterized
from mouse tumor cells in 1982 [14]. This signaling path-
way is a family consisting of two distinct pathways: the
noncanonical and canonical pathways. The noncanoni-
cal Wnt pathway, which exhibits high diversity, mainly
includes the planer cell polarity pathway, Wnt-RAP1
signaling pathway, Wnt-Ror2 signaling pathway, and
Wnt-PKA pathway among others. Their crucial role in
development has been established by extensive research
[15, 16], although further investigations are warranted. In
contrast, the canonical Wnt pathway involves B-catenin
as the nuclear effector of the transduction pathway.

The Wnt/B-catenin pathway is a highly conserved sig-
naling cascade that spans across species from Drosophila
to mammals. Its activation is dependent on the binding
of Wnt ligands to frizzled serpentine receptors (FZD),
initiating this pathway [17-19]. The Wnt family consists
of numerous members with 19 Wnt genes in humans
[20]. Wnt proteins play a pivotal role in executing diverse
biological functions [21]. FZD protein are seven-span
transmembrane receptors that are associated with low-
density lipoprotein receptor 5 (LRP5) and LRP6, acting
as co-receptors for FZD [17, 19, 22, 23]. Upon binding of
Wnt to FZD and LRP5/6 receptors, the signaling path-
way is initiated [24]. The downstream effector in this cas-
cade is B-catenin which serves as a vital component of
the canonical Wnt pathway [25]. In the absence of Wnt
binding, cytoplasmic [B-catenin undergoes phosphory-
lation by a destruction complex (DC) consisting of ade-
nomatous polyposis coli (APC), Axis inhibition protein
(AXIN), glycogen synthase kinase 3B (GSK3p), casein
kinase 1la (CK1a), and E3 ubiquitin ligase B-TrCP (SCEpB-
TrCP) [26]. Within this degradation complex, GSK3p and
CKla facilitate the phosphorylation of B-catenin, result-
ing in its ubiquitination and subsequent proteasomal
degradation [27, 28]. In the presence of Wnt binding, the
induction of dishevelled (DVL) leads to complex aggrega-
tion at the receptor [29]. Subsequently, phosphorylation
and inhibition of GSK3p result in an increase in intracel-
lular B-catenin concentration. Cytoplasmic p-catenin is
then transported to the nucleus, where it accumulates
and interacts with T cell-specific factor (TCF)/lymphoid
enhancer-binding factor (LEF) and co-activators to acti-
vate Wnt target genes.

Components of the Wnt/B-catenin signaling pathway

The Wnt/B-catenin pathway consists of four segments:
extracellular signaling, membrane segment, cytoplasmic
segment, and nuclear segment (Fig. 1). Extracellular sig-
naling is predominantly mediated by Wnt proteins. The
membrane segment mainly consists of the Wnt receptor
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FZD and LRP5/6. The cytoplasmic segment primarily
encompasses p-catenin, DVL, GSK3p, AXIN, APC, and
CK1. The nuclear segment mainly involves [B-catenin
translocated into the nucleus, TCF/LEF family members,
and downstream target genes. The main components of
the Wnt/B-catenin signaling pathway were summarized
in Table 1.

Extracellular signaling

The Wnt protein family consists of 19 types of secreted
proteins found in the human body [30]. The initiation
of Wnt/B-catenin signaling primarily relies on Wntl,
Wnt2, Wnt3, Wnt3a, Wnt8b, Wntl10a, Wnt10b, etc. The
classical Wnt pathway is typically highly conserved and
activated by the secretion/paracrine method, where
extracellular Wnt ligands bind to membrane receptors.
The conserved cysteines within the structure of Wnts
undergo palmitoylation, a process mediated by Porcupine
(PORCN) in the endoplasmic reticulum, leading to their
modification into lipid-bound forms. The posttransla-
tional modification of Wnts comprises lipid modification
and glycosylation. Lipid modification is indispensable for
the activity of Wnts [21], whereas glycosylation, particu-
larly N-glycosylation, is not indispensable for Wnt secre-
tion and activity, nor does it possess essentiality for its
biological function. Following that, the lipid-modified
Wnts are transported from the endoplasmic reticulum
to the Golgi apparatus by members of the p24 protein
family, including TMED2/CHOp24, TMED4/éclair, and
TMED5/opossum. Subsequently, Wnts are transported
via an intracellular-dependent manner by Wntless and
released into the extracellular matrix via exosomes.
Wntless (WLS), also known as Evi and GPR177, is a
transmembrane protein encoded by the WLS gene that
localizes to the Golgi apparatus. It is essential for the
binding of lipid-modified Wnts and facilitates endoplas-
mic reticulum retrograde trafficking [31].

Membrane segment

FZD proteins, which are transmembrane receptors
located on the plasma membrane, consist of seven
domains [32]. Among these domains, the extracellu-
lar cysteine-rich domain (CRD) and the intracellular
KTxxxW domain play pivotal roles in FZD function. The
CRD is responsible for binding to Wnt ligands, while
the KTxxxW domain interacts with the PDZ domains
of DVL proteins [33, 34]. LRP5/6 are low-density lipo-
protein receptor-related proteins on the plasma mem-
brane, functioning as coreceptors for Wnts [35]. Within
the intracellular domain of LRP5/6, the serine/threonine
phosphorylation of the PPPSxPS motif is conserved, pro-
viding a docking site for AXIN binding [36] as well as
presenting a critical step in initiating Wnt/p-catenin sig-
nal transduction [37, 38]. When Wnt ligands bind, DVL
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Fig. 1 Wnt/B-catenin signaling pathway mechanism. Under normal physiological conditions, cytoplasmic 3-catenin is phosphorylated by a destruction
complex composed of APC, AXIN, GSK33, CK1a, and the E3 ubiquitin ligase B-TrCP. In this degradation complex, GSK3(3 and CK1a mediate the phos-
phorylation of B-catenin, leading to its ubiquitination and subsequent proteasomal degradation. In the presence of Wnt binding, the FZD receptor is
activated, which subsequently recruits DVL to the plasma membrane. DVL then interacts with AXIN, leading to the recruitment and accumulation of a
complex at the receptor site. This receptor complex inhibits the activity of the 3-catenin destruction complex (DC). As a result, B-catenin accumulates in
the cytoplasma and is then transported to the nucleus, where it accumulates and interacts with TCF/LEF and coactivators to activate Wnt target genes

is recruited to the plasma membrane, contributing to
the formation of clathrin-coated pits, thereby facilitating
FZD clustering and LRP6 phosphorylation [29, 33, 39,
40].

Cytoplasmic and nuclear segment

DVL proteins, residing in the cytoplasm, consist of three
critical functional domains. The N-terminal domain is
the DIX polymerization domain, responsible for inter-
acting with AXIN. The C-terminal domain is the DEP
domain, which functions in the regulation of small
GTPases. Additionally, the PDZ binding domain enables
interaction with other proteins [34, 41]. When the Wnt/
[-catenin signaling pathway is inactive, the formation of
the B-catenin DC occurs through the concerted action
of AXIN, APC, GSK3p and CK-1a in the cytoplasm. As
a multidomain scaffolding protein, AXIN contains bind-
ing domains for other DC components, including the
DIX domain at the C-terminus and the RGS domain at

the N-terminus. The RGS domain specifically interacts
with the APC protein. The APC protein also functions
as a scaffold in conjunction with AXIN, promoting the
phosphorylation of f-catenin by CKla and GSK3p. CK1,
an initiating kinase, initially phosphorylates B-catenin at
the Ser45 site, followed by sequential phosphorylation of
B-catenin by GSK3. Consequently, the phosphorylated
B-catenin is recognized and degraded by the E3 ubig-
uitin ligase B-TrCP. GSK3 is a serine/threonine kinase
that phosphorylates three serine/threonine residues of
B-catenin (Ser33, Ser37, and Thr4l) [42]. These phos-
phorylation events drive ubiquitination and proteasomal
degradation of [B-catenin, resulting in the maintenance
of only a minimal amount of B-catenin in unstimulated
cells [43]. Notably, the interaction between GSK3 and
[B-catenin is facilitated by AXIN1 and APC since GSK3
does not directly bind to B-catenin.

[B-catenin is a core component of the canonical Wnt
signaling pathway. In the absence of Wnt pathway
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Table 1 The main components of the Wnt/B-catenin signaling pathway

Components Full name Role in Wnt/B-catenin signaling pathway
Wnt Wingless and INT1 Main ligands that activate the Wnt/f-catenin signaling pathway
PORCN Porcupine A membrane bound O-acyltransferases that adds palmitoleate groups to Wnt proteins
WLS Whntless Binding to lipid-modified Wnts and contribute to Wnt secretory
FZD Frizzled Wnt ligands bind to Wnt proteins and activate the Wnt/f3-catenin signaling pathway
LRP5/6 Lipoprotein receptor-related Form cell surface receptor complexes with FZD
proteins 5 and 6
DVL Dishevelled Protein recruited to the FZD-LRP5 and FZD-LRP6 complex in the presence of Wnt ligands and
enabling the transduction of Wnt signalling
APC Adenomatous polyposis coli Forming the -catenin destruction complex with CK1, AXIN, GSK33
AXIN Axin Forming the B-catenin destruction complex with CK1, APC, GSK3(3
CK1la Casein kinase 1a Forming the 3-catenin destruction complex and phosphorylating the B-catenin at Ser45
GSK3pB Glycogen synthase kinase 33 Forming the B-catenin destruction complex and phosphorylating the 3-catenin at Thr41, Ser33,
Ser37
B-catenin (-catenin A central molecule in the Wnt/-catenin signaling pathway that translocates from the cyto-
plasm to the nucleus and mediates TCF-LEF-dependent gene expression
TCF/LEF T cell factor-lymphoid en- Transcriptional factors that bound to 3-catenin in the nucleus and activate target gene
hancer factor transcription.
B-TrCP B-transducin repeat-containing Binding to phosphorylated 3-catenin and leading to its degradation
protein
WIF Whnt inhibitory factor Binding with Wnt proteins and preventing its interaction with the receptor complex
sFRP Soluble frizzled-related protein  Extracellular inhibitors of Wnt signaling by binding to Wnt ligands and preventing their interac-
tion with Frizzled receptors
GPCs Glypicans Co-receptors for Wnt ligands by interacting with both the Wnt ligands and the Frizzled receptors
Tiki Tiki A membrane bound proteases that cleave and inactivate Wnt proteins
Notum Notum Inhibiting the activation and secretion of Wnt ligands by removing the lipid modification of
palmitoleate in Wnt proteins
R-spondin Roof plate-specific spondins The ligands for LGR4/5 and upregulation of Wnt signalling
Norrin Norrin Aligand interacts with FZD4 and LRP5/6 leading to the activation of downstream signaling
RNF43 Ring Finger Protein 43 A negative regulator of the Wnt pathway by promoting the degradation of the Frizzled/LRP5/6
complex
DKKs Dickkopf Antagonists of the Wnt signaling pathway by inhibiting the formation of the Wnt-Frizzled-
LRP5/6 complex.
Dab2 Disabled-2 Negative regulator of the Wnt signaling by facilitating the degradation of the Wnt receptor

FOXK1/ FOXK2

PP2A

Forkhead box protein K1/K2

Protein phosphatase 2 A

complex and interacting with DVL and AXIN

Transcriptional co-repressors of Wnt target genes and DVL-interacting proteins by translocating
DVL into the nucleus

A protein phosphatase that dephosphorylates 3-catenin

activation, B-catenin undergoes degradation by the DC in
the cytoplasm. With the activation of the Wnt/B-catenin
signaling pathway, DVL recruits AXIN and GSK3p to
the plasma membrane, thereby inhibiting their functions
[39, 44]. This process in turn suppresses phosphoryla-
tion-mediated degradation as well as promotes the sta-
bilization and accumulation of B-catenin. Subsequently,
[-catenin undergoes nuclear translocation and activates
Wnt target genes in a positive manner. Owning to the
absence of inherent DNA binding ability in B-catenin, its
interaction with target genes relies on co-activators along
with the recruitment of transcription factors. Coactiva-
tors such as B-cell lymphoma 9 (BCL9), Pygopus and
CREB-binding protein (CBP)/p300 possess DNA bind-
ing domains and can recruit B-catenin to the appropri-
ate gene regulatory regions, allowing for the activation
of target genes. Within the context of the Wnt signaling

pathway, the TCF/LEF acts as the principal downstream
effector and partner of B-catenin [45]. Additionally,
B-catenin possesses the ability to interact with various
transcription factors, including hypoxia-inducible factor
la (HIFla), forkhead box protein O (FOXO), and mem-
bers of the sex-determining region Y-box (SOX) family
[46].

Biological function of Wnt/B-catenin signaling pathway

The Wnt/p-catenin pathway plays a pivotal role in deter-
mining cell fate, promoting cell proliferation and survival,
and facilitating cellular differentiation. Furthermore, this
pathway critically regulates embryonic development,
stem cell maintenance and self-renewal. The dysregula-
tion of the Wnt/B-catenin signaling pathway frequently
contributes to the pathogenesis of numerous severe
diseases including cancer and non-cancerous diseases.
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Upon activation, a wide array of target genes, such as
cyclin D1, ¢-Myc, and Axin2, are actived. These genes
are involved in regulating the cell proliferation, migra-
tion and stem cell properties. Manipulation of B-catenin
expression levels both in vitro and in vivo elucidates
its role in suppressing autophagosome formation and
directly inhibiting p62/SQSTM]I, the gene encoding the
autophagic adapter protein p62 [47]. Stem cells are char-
acterized by their inherent capacity for self-renewal and
differentiation [48]. Cancer stem cells (CSCs) play a cru-
cial role in tumor development, contributing to tumor
initiation, expansion, drug resistance, recurrence, and
post-treatment metastasis through their ability to self-
renew and differentiate. Signals including Wnt/p-catenin,
transforming growth factor-p(TGF-fB), Hedgehog and
Notch play a crucial role in maintaining the self-renewal
ability of CSCs. The importance of Wnt/B-catenin sig-
naling in CSCs has gained widespread acknowledg-
ment. Wnt10b, a member of the Wnt ligand gene family,
encodes a secreted protein that selectively activates the
highly conserved Wnt signaling cascade. Wnt10b plays a
pivotal role in regulating the signaling network govern-
ing stemness, pluripotency, and cell fate in various organs
[49]. The involvement of Wnt signaling in cancer devel-
opment primarily stems from its ability to promote the
sustained proliferation of CSCs in regions that exhibit
resistance to anticancer treatments. Moreover, it facili-
tates the invasion of CSCs into neighboring tissues and
their dissemination into the bloodstream. Inhibiting
the Wnt/B-catenin signaling pathway offers an effective
approach to regulate CSCs.

Regulators targeting Wnt

Numerous factors have been identified to regulate the
canonical Wnt pathway, and several regulators have been
well-established in their influence on signal transduc-
tion, including secreted frizzled-related proteins (sFRPs),
Wnt inhibitory factor (WIF), glypicans (GPCs), Tiki, and
Notum. The regulatory mechanism of sFRPs and WIF
in the canonical Wnt pathway involves their distinct
domains. sFRPs possess a Netrin-related motif in the
C-terminal region, whereas WIF contains a WIF domain
in its C-terminal region. These specific domains facilitate
the binding of sFRPs and WIF to the Wnt protein [50,
51]. GPCs, a class of evolutionarily conserved heparan
sulfate proteoglycans, have been demonstrated to localize
on the plasma membrane and exhibit the ability to bind
to Wnt proteins for the regulation of their extracellular
distribution and signaling activity [52]. GPC3 is believed
to possess a CRD domain at its N-terminal end, which
interacts with the middle region of Wnt3a. Additionally,
GPC3 regulates the Wnt activation according to the con-
centration dynamically by interacting with FZD through
the heparan sulfate chain [53]. Tiki represents a family of
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Wnt-specific proteases that would directly inhibit Wnt
signaling by hydrolyzing the terminal of Wnt3a and trig-
gering the transformation of Wnt3a into oxidized oligo-
mers, thereby depriving its ability to bind receptors [54,
55]. Notum also functions as an enzyme-like inhibitor of
Wnt signaling with evidence suggesting that tumor cells
suppress normal cells through secretion of notum [56,
571].

Regulators targeting FZD and LRP5/6

In addition to targeting Wnts, several regulators pos-
sess the ability to directly or indirectly activate FZD
and LRP5/6. These include Roof plate-specific spondins
(R-spondins; RSPOs), Norrin, and Dickkopf (DKK), all
of which are secreted proteins. R-spondins, consisting
of four members (RSPO1-4), function as enhancers in
the Wnt/p-catenin signaling pathway and are considered
indispensable factors in carcinogenesis [58]. This effect
was initially discovered in Xenopus embryos, and it was
also observed that mouse R-spodinl-3 exhibits a simi-
lar effect [59]. R-spondins activate the pathway by bind-
ing to FZD and induce the signaling. Furthermore, they
can inhibit the activity of Ring finger protein 43 (RNF43)
/ Zinc and ring finger 3 (ZNRF3) by binding to them,
which are ubiquitin ligases located on the plasma mem-
brane responsible for multiubiquitination of lysine [60].
The ubiquitination of FZD resulting from RNF43/Znrf3
leads to FZD endocytosis and subsequent downregula-
tion of Wnt signaling [61-63]. The Norrin protein, which
mimics the fingerlike-loop structure of Wnt, exhibits the
capability to bind to both the CRD domain of FZD4 and
the ectodomain of LRP5/6, forming a ternary complex
that facilitates downstream signal transmission of Wnt/
B-catenin [51, 64, 65]. The DKK family is widely regarded
as an inhibitor of the canonical f-catenin-dependent Wnt
pathway [66]. The mechanism by which DKKs inhibit
canonical Wnt signaling involves their binding to LRP5/6
and FZD, along with Kremen, a family of two transmem-
brane proteins characterized by their kringle domains.
This three-component complex would contribute to
rapid endocytosis and subsequent removal of this protein
from the plasma membrane [67, 68]. Therefore, DKKs
would turn down the Wnt/p-catenin signaling, offering a
negative feedback mechanism to manipulate Wnt signal-
ing [69, 70].

Regulators targeting DVL

Two forkhead box (FOX) transcription factors, FOXK1
and FOXK2, have also been discovered as bona-fide
DVL-interacting proteins that promote Wnt/[-catenin
signaling by translocating DVL into the nucleus [71].
FOXK?2, equipped with its forkhead-associated domain
(FHA) and adjacent region containing a hydrophobic
motif (Leu-137-Phe-145-Phe-154), exhibits the capability
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to interact with DVL2. This interaction is regulated by
DVL phosphorylation, which is contingent upon CK1
and MARK kinases [71]. Disabled-2 (Dab2) functions as
an endocytic adaptor protein that is widely expressed.
There is substantial evidence supporting its involvement
in multiple signaling pathways mediated by receptors
[72]. In the context of the Wnt pathway, Dab2 acts as
a negative regulator by acting as a scaffold protein that
facilitates the degradation of the Wnt receptor complex.
Additionally, Dab2 has been suggested to regulate Wnt
signaling by interacting with DVL and AXIN, thereby
contributing to the regulation of the Wnt/p-catenin sig-
naling pathway.

Regulators targeting DC

Dab-2 could bind AXIN with its PTB domain to prevent
the dephosphorylation of AXIN resulting from protein
phosphatase 1 (PP1), which would contribute to the deg-
radation of B-catenin [73]. PP1 is able to dephosphory-
late AXIN, which would lead to the destabilization of
AXIN and DC. This process would ultimately result in
the accumulation of B-catenin[73]. PP2A is a heterotri-
mer consisting of a core AC heterodimer combined with
a variable regulatory B subunit. Strong evidence supports
the notion that the B subunit plays an integral role in the
formation of the DC as it exhibits co-immunoprecipita-
tion with AXIN. Moreover, it is epistatically positioned
downstream of GSK3p but upstream of p-catenin [74].
The RUNX family, comprising a DNA-binding unit,
exerts regulatory effects on the Wnt/p-catenin signaling
pathway by either enhancing or reducing its activity. The
RUNX family contains a highly conserved domain known
as the RUNX domain located at the N-terminus. It is cru-
cial for binding to core binding factor beta (CBFp) and
DNA [75]. The relationship between the RUNX family
and Wnts is intricate, as the RUNXs are able to regu-
late the expression of Wnt, while the -catenin is able to
mediate the expression of RUNX [76]. Twa, a two hybrid-
associated protein no.1 with RanBPM, also known as glu-
cose-induced degradation protein 8 homolog, has been
identified in colorectal carcinoma tissues [77]. When the
Wnt signal is turned off, Twal binds to the AXIN com-
plex with B-catenin, resulting in its ubiquitination-medi-
ated degradation. However, upon activation of the Wnt
pathway, Twal facilitates f-catenin nuclear retention and
enhances expression of downstream target genes asso-
ciated with the Wnt/B-catenin signaling cascade. This
effect is mediated by its conserved CRA (CT11-RanBPM)
domain, which interacts with 3-catenin [78].

Regulators targeting B-catenin

ICAT is an 81-amino-acid protein that binds to f-catenin
and TCE, which has been identified as an inhibitor of
[-catenin signaling because its overexpression effectively
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hampers the formation of the p-catenin-TCF com-
plex. Furthermore, ICAT acts as a natural inhibitor of
APC, thereby preventing APC-mediated degradation
of B-catenin and exerting a positive effect on Wnt sig-
naling [79]. Kdm2a/b are protein lysine demethylases
located in the nucleus. With their fourth and fifth arma-
dillo repeats, they possess the ability to modulate the
methylation/demethylation of nuclear B-catenin, thereby
regulating Wnt/p-catenin signaling [80]. The impact of
Kdm?2a on this process is concentration-dependent, as
an elevated level of Kdm2a significantly enhances the
ubiquitylation of p-catenin. Upon binding of Wnt to
FZD, non-phosphorylated B-catenin translocates to the
nucleus followed by methylation at lysine residues within
the fourth and fifth armadillo repeats. Subsequently, the
modified B-catenin forms a complex with the TCF/LEF
transcription factor to activate transcription of the tar-
get gene. In this context, Kdm2a/b competes with TCF/
LEF for B-catenin binding and elicits the degradation of
[-catenin. Importantly, evidence suggests that even with-
out demethylation, Kdm2a/b-mediated destruction of
the B-catenin/TCF complex inhibits Wnt signaling [80].

Wnt/B-catenin signaling pathway and
carcinogenesis

Genetic and epigenetic alterations of the Wnt/B-catenin
pathway can induce aberrant activation, ultimately con-
tributing to the development of cancer. The persistent
activation of the Wnt/B-catenin pathway in cancer is
associated with various oncogenic processes including
increased cell proliferation and epithelial-mesenchymal
transition (EMT), as well as the maintenance of self-
renewal capacity of CSCs. The identification of APC
mutations in colon cancer pathogenesis back in 1991
provided the initial evidence for the involvement of Wnt/
B-catenin signaling in tumorigenesis. Dysregulated Wnt
signaling has been increasingly demonstrated to be asso-
ciated with a range of cancers including liver, lung, and
breast cancers [81]. Multiple mechanisms are responsible
for driving the activation of the Wnt/B-catenin pathway,
encompassing mutations in key pathway components,
deregulation of Wnt ligands and receptors, and epigen-
etic modifications such as DNA methylation and histone
modifications (Fig. 2).

Mechanisms of activation of the Wnt/B-catenin signaling
pathway in tumors

Wnt tumor suppressor mutations

Inactivation mutations of the component comprising
DC represent a prevalent method of carcinogenesis. The
APC gene, initially identified as a mutated gene in famil-
ial adenomatous polyposis coli (FAP), is also detected in
80% of colorectal adenomas and colorectal carcinomas
(CRCs), positioning it as one of the earliest mutations in
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pathway components and downstream targets, impacting tumor initiation, progression, and metastasis. Non-coding RNA, including INcRNA and miRNA,
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the development of colon cancer [82, 83]. Mutations in
the APC gene do not result in a complete loss of protein
but rather result in the production of truncated proteins
owning to premature termination codons. Consequently,
this results in the activation of the Wnt signaling path-
way [83]. Additionally, these mutations disrupt various
cellular processes, including loss of intercellular adhe-
sion [84], impaired DNA repair within the nucleus,
chromosomal destabilization during mitosis [83], and
compromised anti-apoptotic functions through tran-
scriptionally non-dependent mechanisms [85]. AXIN

has been identified with mutations in various carcinoma
types including hepatocellular carcinoma (HCC), CRC,
medulloblastomas, and ovarian endometrioid adeno-
carcinoma [86-91]. Recent studies have demonstrated
that adenovirus-mediated transfer of wild-type AXIN1
gene can elicit apoptosis in HCC and CRC cells that
have accumulated B-catenin due to APC, CTNNBI1 or
AXIN1 mutation [89]. RSK2-inactivating mutations fre-
quently co-occur with AXIN1-inactivating or -catenin-
activating mutations, which play a synergistic role in
promoting HCC development [92].
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RNF43, as a E3 ubiquitin-protein ligase, exerts inhibi-
tory effect on Wnt/B-catenin by mediating FZD ubiq-
uitination followed by lysosomal degradation. Its
mutation is frequently observed in several carcinoma
types including HCC, pancreatic adenocarcinoma, and
CRC [93-95]. The absence of RNF43 can enhance resis-
tance to y-radiation and chemotherapy of gastrointestinal
cancers cells by inhibiting the activation of DNA dam-
age response [96]. In pancreatic adenocarcinoma, the
RNF43 F69C mutation is associated with a significantly
reduced expression of FZD compared to wild-type cells,
highlighting the importance of RNF43 in pancreatic
adenocarcinoma development [97]. An analysis investi-
gating inactivating mutations of RNF43 that confer Wnt
dependency in pancreatic ductal adenocarcinoma sug-
gests that BRAF, ARID1A, RNF43, and KM2B mutations
exhibit the highest frequency in microsatellite instability
(MSI) colon cancer. These gene mutations are considered
as pivotal gene mutations associated with the microsatel-
lite status in colon cancer [98]. The mutation of CTNNB1
which is responsible for encoding B-catenin, is associated
with nuclear localization and activation of Wnt/p-catenin
signaling. Hotspot mutations in Exon 3 of CTNNBI1
alter the N-terminus of B-catenin, impeding its phos-
phorylation and degradation by DC, thereby resulting in
[B-catenin accumulation [99]. A meta-analysis identified
that with CTNNB1 S45F mutation, the desmoid tumor
is more likely to reoccur [100]. In parathyroid adenomas,
DNA sequencing demonstrates the presence of stabi-
lizing homozygous mutations in 7.3% of patients while
aberrant B-catenin accumulation is commonly observed

Table 2 Epigenetic modifications regulating the Wnt components
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at a high frequency [101]. Furthermore, it has been elu-
cidated that the expression of CTNNB1 mutation is
associated with poorer overall survival in low-grade
endometrioid endometrial carcinoma [102].

Epigenetic modifications

Cells exhibit genetic uniformity, yet manifest phenotypic
variability in terms of structure and function. These heri-
table modifications, which do not involve alterations to
the DNA sequence, are designated as epigenetic changes.
Epigenetic modifications respond to a wide spectrum of
signaling cues, encompassing DNA methylation, histone
variants, histone modifications, chromatin structure,
nucleosome remodeling, and interactions among various
epigenetic factors (Table 2).

DNA methylation

DNA methylation has been demonstrated to be an essen-
tial epigenetic modification regulating gene expression,
thereby implicating its involvement in numerous cellu-
lar processes. DNA methylation exerts its influence on
multiple regulators within the Wnt/pB-catenin pathway.
DNMT1 is a key mediator for the proper functioning of
B-catenin, which is responsible for the formation of the
DNMT1-B-catenin complex to mediate DNMT-depen-
dent promoter methylation and targeted gene expres-
sion within the Wnt/p-catenin pathway [133]. In HCC,
evidence suggests that the expression of BEX1, a human
oncofetal protein as well as a stem-cell marker in liver
cancer, is capable of interacting with RUNX3 to block
its inhibitory effect on B-catenin. More importantly, the

Wnt component  Epigenetic alteration Cancer type Outcome Ref.
Wnt2 Loss of H3K27me3 Colorectal cancer Upregulation [103]
Wnt5a Promoter hypermethylation ~ Colorectal cancer Downregulation  [104]
W10b Promoter hypermethylation ~ Colorectal cancer Downregulation  [105]
DKK1 Promoter hypermethylation  Colorectal cancer, Breast cancer Downregulation  [106-109]
DKK3 loss of H3AC Glioma, Downregulation  [106-108]
loss of H3K4me3 Breast cancer
Colorectal cancer
SFRP1 Promoter hypermethylation  Colorectal cancer, Breast cancer Downregulation  [110-113]
sFRP2 Promoter hypermethylation ~ Colorectal cancer, Hepatocellular carcinoma, Breast cancer ~ Downregulation  [114, 115]
sFRP3 Promoter hypermethylation  lung adenocarcinoma Downregulation  [116]
WIF1 Promoter hypermethylation ~ Colorectal cancer, Breast cancer, Downregulation  [117-120]
Endometrial carcinogenesis
FZD4 Histone H3K9 acetylation Colon cancer Upregulation [121]
FzD10 Gain of H3K9Ac Breast cancer Upregulation [103]
APC Promoter hypermethylation ~ Colorectal cancer Downregulation  [122,123]
AXIN2 Promoter hypermethylation ~ Colorectal cancer Downregulation  [104, 124, 125]
B-catenin Lysine acetylation Colorectal cancer Upregulation [126,127]
Breast cancer [128,129]
LRP6 Lysine acetylation Colorectal cancer Upregulation [130,131]
TCF4 Lysine acetylation Colorectal cancer Upregulation [132]
GSK3p3 Lysine acetylation Neuroblastoma Upregulation [114,115]
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variation of expression BEX1 in different types of HCC
has been certified to be associated with DNMT1-medi-
ated DNA methylation [134]. Na*/H* exchanger regu-
latory factor 1, an adaptor molecule known to suppress
Wnt signaling has been identified to be downregulated in
CRC cells due to the DNMT1-mediated promotor meth-
ylation [135]. Additionally, the significant effect of DNA
methylation on the components of the Wnt/B-catenin
pathway has been discovered. In recurrent glioblastoma
(GBM) patients, the methylation levels of the promoters
and genes of Wnt5a, B-catenin and Wnt3a are lower in
comparison with the primary GBM patients. Conversely,
FZD-10 exhibits a uniform high methylation level. Nota-
bly, hypermethylation of the Wnt5a promoter is univer-
sally observed in CRC tissues [103, 104]. The methylation
of DKK is also frequently observed in cancer tissues
including gastric carcinoma, HCC and cervical squa-
mous cell carcinoma. It has been proven to be related to
poor prognosis [106—108]. DC is frequently subjected
to methylation, representing a commonly observed
phenomenon. In lung carcinoma, APC promoter meth-
ylation has been correlated with smoking status and non-
metastatic cases [122], while methylation in APC has
been observed to be associated with an increased risk
of prostate cancer-specific mortality [123]. As a crucial
component of DC, methylation of AXIN2 leads to the
silencing of AXIN2 expression, particularly in MSI CRC
specimens [124].

Lysine acetylation

Lysine acetylation is a crucial protein modification
that enables the reversible regulation of target pro-
tein function, contingent upon the activity of lysine
acetyltransferases (KATs) and the catalytic function of
lysine deacetylases (KDACs). A growing body of evi-
dence suggests that dysregulation of lysine acetylation
and subsequent activation of the Wnt/B-catenin path-
way contribute to cancer development and progression.
Notably, various cancers exhibit overexpression of KATSs
alongside the downregulation of KDACs, creating an
advantageous environment for lysine acetylation-medi-
ated Wnt/p-catenin pathway activation. This process can
be categorized into histone acetylation and non-histone
acetylation, both playing a critical role in the activation of
the Wnt/p-catenin signaling pathway. Furthermore, stud-
ies have demonstrated that targeting lysine acetylation
holds promise in suppressing tumor growth and sensitiz-
ing cancer cells to chemotherapy, highlighting its poten-
tial as a therapeutic strategy.

In the Wnt/B-catenin signaling pathway, the acetyla-
tion of four specific molecules, namely LRP6, TCF4,
GSK3pB, and p-catenin, has been elucidated. The acety-
lation of LRP6 is promoted by p300, subsequently trig-
gering its phosphorylation for signal responsiveness
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[131]. TCF4 undergoes acetylation at K150 in conjunc-
tion with CBP, leading to conformational changes in the
TCF4-DNA complex [132]. GSK3p, a component of DC
involved in this signaling pathway, has also been identi-
fied to undergo acetylation. Studies have demonstrated
that the members of sirtuin (SIRT) family of deacety-
lases including SIRT1, SIRT2, and SIRT3 can medi-
ate deacetylation to inhibit GSK3p activity [114, 115]. It
has been discovered that the acetylation of B-catenin is
associated with CBP, p300, and PCAF. Specifically, the
acetylation of p-catenin at K345 is linked to the involve-
ment of p300 [127], while the acetylation of K49 is cor-
related with CBP [128]. Additionally, both K19 and K49
play crucial roles as essential residues during the acetyla-
tion process mediated by PCAF [129]. Notably, f-catenin
acetylation not only enhances its stability by inhibiting
ubiquitin-mediated degradation but also promotes its
nuclear translocation, strengthens its interaction with
TCE, and further augments transcriptional activation of
Wnt-dependent genes. The interaction between SIRT6
and FZD4 leads to the suppression of FZD4 transcrip-
tion by reducing histone H3K9 acetylation in HCC [121].
Similarly, in breast cancer, the overexpression of prostate
tumor overexpressed-1 has been found to inhibit DKK1
transcription through the recruitment of histone deacet-
ylase 1(HDAC1) and HDAC2, resulting in decreased lev-
els of histone H3/H4 acetylation at the DKK1 promoter
[109]. Nonetheless, the regulatory effects of acetylation
on other molecules within the DC remain incompletely
elucidated [136].

Noncoding RNAs that regulate Wnt/B-catenin signaling
pathway

MicroRNAs (miRNA) are a class of noncoding endoge-
nous small RNAs, consisting of 22 nucleotide sequences.
Evidence suggests that several miRNAs have the ability to
activate the Wnt/B-catenin signaling pathway by inhib-
iting key components as shown in Table 3. For instance,
miR-135b has been identified as capable of activating
[B-catenin expression in osteosarcoma cells and enhanc-
ing the Wnt/B-catenin signaling [137]. Similarly, miR-
388-5p has been verified to downregulate the expression
of WIF1 while promoting Wnt8 expression, thereby lead-
ing to subsequent activation of this pathway in pancreatic
cancer [138]. In breast cancer, miR-183 has been identi-
fied as a direct inhibitor of key components of the DC,
including AXIN1, AXIN2, and GSK3p, to activate the
canonical Wnt signaling [139, 140]. The overexpression
of miR-374a in breast cancer enhances the nuclear trans-
location of B-catenin, thereby promoting the transcrip-
tional activity of TCF/LEF [141]. Evidence suggests that
miR-106a-3p, miR-494, miR-100, miR-125b, and miR-155
possess the capacity to directly inhibit APC, leading to
B-catenin translocation and subsequent transcriptional
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Table 3 Noncoding RNAs that regulate Wnt/f3-catenin signaling

pathway
ncRNAs Regulated Related tumors Ref.
molecules
miR-135b f-catenin Ovarian cancer 11371
miR-388-5p WIF1, Wnt8 Pancreatic cancer [138]
miR-31 DKK1 Breast cancer [139]
miR-183 AXIN2 Breast cancer [140]
miR-374a TCF/LEF, WIF1,  Breast cancer [141]
PTEN, Wnt5a
miR-106a-3p APC Hepatocellular [142]
carcinoma
miR-494 APC Colorectal cancer [143]
miR-106a-3p APC Gastric cancer [144]
miR-100 APC Colorectal cancer [145]
miR-125b APC Colorectal cancer [145]
miR-455-3p GSK3pB Esophageal squamous  [161]
cell carcinoma
miR-1246 GSK3pB Hepatocellular [162]
carcinoma
miR-128-3p AXIN1, SFRP2,  Non-small cell lung [163]
WIF1 cancer
miR-410 DKK1, DKK3 Colorectal cancer [147]
miR-22-3p f-catenin Glioblastoma [164]
miR-22-5p -catenin Glioblastoma [164]
miR-181a STAB1 Ovarian cancer [165]
miR-448 SFRP4 LC [166]
MiR-145 SOX2 Glioblastoma [167]
miR200c DACH1 PTC [168]
miR-19b FBXW?7 Colorectal cancer [169]
miR-27a FOXO1 Ovarian cancer [170]
miR-128-3p AXIN1, SFRP2,  Non-small cell lung [148]
and WIF1 cancer
miR-182-5p FOX0O3a and Hepatocellular [149]
(3-catenin carcinoma
miR-652 RORA Endometrial cancer [150]
miR-496 RASSF6 Colorectal cancer [151]
IncRNA-CRNDE Wnt2, FZD4 Hepatocellular 52—
and B-catenin  carcinoma 154]
INcCRNA-JPX GSK3pB LC [171]
IncRNA-LALR1 AXIN Hepatocellular [155]
carcinoma
IncRNA-CCAL AP-2a Colorectal cancer [156]
INcCRNA-NEAT1 DDX5 Colorectal cancer [157]
INncRNA-B-Catm EZH2 Colorectal cancer [158]
INcRNA-LINCO1606  TFE3 Colon cancer [160]

activation of target genes [142-145]. In addition, miR-
455-3p and miR-1246 have been identified to target
GSK3p [103,104], while miR-128-3p has been certified to
regulate AXIN [146]. Evidence demonstrated that miR-
410 possesses the ability to effectively inhibit DKK1 and
DKK3, thereby facilitating the translocation of B-catenin
into the nucleus [147]. MiR-128-3p plays an important
role in promoting the metastasis of non-small cell lung
cancer (NSCLC) by downregulating the expression of
AXIN1, SFRP2, and WIF1 [148]. MiR-182-5p functions
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as an inhibitor of FOXO3a expression by impeding the
interaction between FOXO3a and P-catenin. This inhi-
bition subsequently potentiates the interaction between
B-catenin and TCF4, ultimately leading to Wnt signaling
activation [149]. In endometrial cancer, the expression of
RORA is downregulated by miR-652 followed by the acti-
vation of Wnt/B-catenin signalling [150]. In CRC, RAS
association domain family 6 (RASSF6) is evidenced to
be inhibited by miR-496, resulting in the Wnt/p -catenin
signaling activation along with enhanced migration and
EMT of CRC [151].

Long-chain non-coding RNAs (LncRNAs) represent
the most extensively distributed and heterogeneous class
of non-coding RNA molecules, playing a crucial role in
regulating the Wnt/B-catenin pathway (Table 3). The
IncRNA-CRNDE has been observed to be overexpressed
in various cancer cells. It is capable of promoting EMT
of HCC cells through the upregulation of Wnt2, FZD4
and [B-catenin expression [152-154]. Given the signifi-
cant role of DC in the Wnt/p-catenin pathway due to
their complex structure with multiple vulnerable sites,
IncRNA-JPX has been utilized to impair the function
of DC by inhibiting the expression of GSK3p. IncRNA-
LALRI exhibits the ability to attenuate the level of AXIN1
in hepatocytes by recruiting CTCE, a transcription factor
in chromatin organization and gene regulation. Conse-
quently, this event leads to an elevation in cytoplasmic
B-catenin concentration, subsequently enhancing the
transcription of c-Myc and Cyclin D1 [155]. A number
of IncRNA have been identified to foster Wnt/p-catenin
signaling by modulating its regulators. An example in
point is AP-2«, a negative regulator that impedes the
interaction of f-catenin and TCF4. IncRNA-CCAL has
been verified to target AP-2a, giving rise to MDR1/P-gp
expression upregulation as well as the development of
multi-drug resistance (MDR) in CRC [156]. DDX5 func-
tions as a positive regulator for B-catenin, facilitating
its expression and safeguarding it against degradation.
In various cancer categories, it has been observed that
IncRNA-NEATT1 is able to interact with DDX and aug-
ment gene transcription [157]. LncRNA-p-Catm presents
the capacity for association with methyltransferase EZH2
followed by an increase in p-catenin methylation. This
event improves B-catenin stability and promotes Wnt/p-
catenin signaling [158]. In addition, certain IncRNAs
are able to interact with microRNA and further regu-
late the pathway. For example, it has been validated that
IncRNA-LINCO01133 inhibits miR-106a-3p in gastric can-
cer, thereby regulating the Wnt signaling pathway nega-
tively [144]. IncRNA-CRNDE has also been observed to
play its role in inhibiting miR-181a-5p, thereby promot-
ing the progression and chemoresistance of CRC [159]. It
has been reported that IncRNA-LINC01606 can compete
with miR-423-5p, contributing to the upregulation of
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stearoyl-CoA desaturase 1 and activation of the canonical
Wnt/B-catenin signaling pathway [160].

Cross-talk between the Wnt/B-catenin pathway and other
signaling pathways

TGF-B and Wnt/B-catenin pathway The TGF-f path-
way plays a crucial role in regulating cell proliferation,
differentiation, and fibrosis tumor genesis. There exist
multiple intersecting points between the TGF- pathway
and the canonical Wnt pathway, involving Smad, AXIN,
DVL, and B-catenin. TGF-p has the ability to activate
the TGF-p/Smad pathway by upregulating Wnt2, Wnt4,
Wnt5a, Wnt7a, and WntlOa as well as the co-receptor
LRP5. Additionally, it enhances nuclear accumulation
and stability of B-catenin in human marrow stromal cells
[172]. Smad can interact with LEF1/TCF transcription
factor which is essential for synergistic activation by both
TGF-pB and the Wnt/B-catenin pathway [173]. In prostate
carcinoma, the activity of Stat3 located on the Wnt3a
promoter is inhibited by TGF-p, resulting in a reduction
of Wnt3a levels in tissues and subsequent suppression of
tumor progression [174].

Notch pathway and Wnt/f-catenin pathway The Notch
signaling pathway is a conserved ligand-receptor signaling
cascade in mammals, encompassing 5 ligands and 4 recep-
tors that exhibit a similar structural framework [175].
Notably, the interaction between Notch and the canoni-
cal Wnt pathway occurs through various mechanisms,
such as the upregulation of Notch ligand and receptor
expression mediated by Wnt signaling. In adult epidermal
cells, activation of the Wnt signaling pathway leads to the
accumulation of B-catenin, thus initiating Jagl transcrip-
tion and subsequently activating Notch signaling. This
intricate interplay ultimately leads to the expansion of
the base of the hair follicle, sebaceous gland enlargement
and abnormal clumping of the follicles [176]. In chronic
lymphocytic leukemia (CLL), Notch2 has been regarded
as the pre-requisition for the activation of canonical Wnt
signaling in tumor cells. This is attributed to the ability of
Notch2 to induce Clq transcription in mesenchymal stro-
mal cells, which subsequently inhibits GSK3[3-mediated
degradation of p-Catenin [177]. Besides, stromal Notch2
activity plays a regulatory role in N-cadherin expression
within CLL cells, which interacts with and further sta-
bilizes -catenin [177]. In contrast, the Notch signal can
also exert negative regulation on B-Catenin. In stem and
progenitor cells, membrane-bound Notch associates with
unphosphorylated p-Catenin, and negatively regulates
post-translational accumulation of active f-Catenin pro-
tein.
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Hippo pathway and Wnt/B-catenin pathway The
Hippo pathway consists of a cascade of kinases that
govern the phosphorylation of the co-activators of Yes-
associated protein (YAP) and a transcriptional coactiva-
tor with PDZ-biding motif (TAZ) [178]. The core effec-
tors YAP/TAZ in the Hippo signaling pathway have direct
interactions with B-catenin in the Wnt signaling pathway
to promote gastrointestinal tumor development [179].
Upon dephosphorylation, YAP and TAZ translocate to
the nucleus where they bind to TEA domain transcrip-
tion factors, thereby activating target genes. Addition-
ally, they function as integral components of the DC and
exhibit close interactions with AXIN1, B-TrCP, f-catenin
and GSK3p. In the absence of Wnt ligands, TAZ and YAP
are recruited alongside B-TrCP, which initiates the deg-
radation of B-catenin [180]. TAZ possesses the ability to
inhibit Wnt-induced activity while concurrently induc-
ing the expression of target genes that are dependent on
the presence of Wnt3a. Suppression of TAZ results in the
stabilization of B-catenin, leading to the accumulation of
nuclear p-catenin and phosphorylation of DVL [181]. As
a transcriptional co-activator within the Hippo signal-
ing pathway, YAP negatively regulates the Wnt/p-catenin
pathway by directly binding to -catenin and facilitating
its effective degradation.

Hedgehog pathway and Wnt/B-catenin pathway The
interaction between Hedgehog (HH) and Wnt signaling
pathways is believed to be mediated by the endogenous
SsFRP-1 protein. It has been demonstrated that sFRP-1,
induced by HH transcription, functions as a negative reg-
ulator of the Wnt pathway [182]. Activation of HH signal-
ing leads to the induction of the expression of TCF7L2
(and human TCF4) isoforms, including dominant nega-
tive isoforms, which limit p-catenin signaling. Conse-
quently, this inhibition leads to decreased expression of
fibroblast growth factor 18 (FGF18) and the formation of
ectopic cartilage. In adults, sustained HH signaling activ-
ity results in cartilage degeneration, whereas increasing
[-catenin activity may counteract this effect by rebalanc-
ing HH and Wnt/fB-catenin signaling [183].

NF-kB pathway and Wnt/B-catenin pathway Sev-
eral studies have reported the negative regulation of the
Wnt/B-catenin pathway by NF-kB pathway. Activation
of NF-kB has been demonstrated to inhibit the nuclear
translocation of P-catenin [184], as well as suppress the
activity or expression levels of transcription (co-)factors
in the Wnt pathway other than -catenin [185]. Notably,
NF-«B indirectly governs the Wnt/p-catenin pathway by
influencing target genes that impact B-catenin’s activity or
stability. In colon cancer, liver cancer, and breast cancer
cells, NF-kB activation hampers [B-catenin/TCF activity
through upregulation of leucine zipper tumor suppressor
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2, which is conversely downregulated in GBM cells to pro-
mote [B-catenin/TCF activity [186]. Furthermore, NF-kB
promotes the degradation of B-catenin through the induc-
tion of E3 ubiquitin ligases SMAD ubiquitin regulatory
factor 1 (Smurfl) and Smurf2 [187].

Components of the NF-kB signaling pathway, such as
IKK and RelA, have been implicated in the positive regu-
lation of Wnt/B-catenin signaling. Both IKKa and IKKp,
crucial activators of the NF-kB pathway, exhibit distinct
modes of regulating f-catenin-dependent transcriptional
activity [188]. Research has suggested that IKKa specifi-
cally enhances the transcriptional activity of B-catenin/
TCF and induces upregulation of CCND1, a down-
stream target gene encoding cyclin D1 [189]. Moreover,
IKKa promotes cytoplasmic stabilization of f-catenin by
simultaneously suppressing the GSK3p/APC-mediated
canonical degradation pathway and the non-canonical
degradation pathway that involves seven in absentia
homolog 1 [190].

Ras/Raf/Mek/Erk pathway and Wnt/B-catenin path-
way There are three major subtypes of Ras, namely
H-Ras, K-Ras, and N-Ras. The activity of these subtypes
is regulated by a guanosine diphosphate/guanosine tri-
phosphate loading switch. Both the Ras/MAPK pathway
and Wnt/B-catenin pathway have been observed to play
crucial roles in tumor development. Evidence indicates
that GSK3p mediates the phosphorylation of H-Ras,
which is inhibited by Wnt3 but facilitated by AXIN and
APC. Phosphorylated H-Ras recruits the E3 ligase linker
protein B-trcp for its polyubiquitylation and subsequent
degradation [191].

Wnt/B-catenin signaling pathway in carcinogenesis of
various tumors

The up-regulation of the Wnt/B-catenin signaling path-
way has been implicated in carcinogenesis across vari-
ous tissues, including colorectal, gastric, and prostate,
etc [192]. The Wnt/B-catenin signaling pathway exerts
its influence on tumor cell proliferation and apoptotic
processes by modulating downstream target genes. Addi-
tionally, this pathway is closely connected with the degra-
dation of extracellular matrix, cancer cell migration and
adhesion, as well as tumor angiogenesis [193]. Activation
of this pathway leads to an increase in the transcription
factor SNAI1 levels while suppressing E-cadherin expres-
sion through inhibition of GSK3p-mediated [B-catenin
phosphorylation. Consequently, the induction of EMT
promotes tumor metastasis [194]. In addition, the abnor-
mal activation of the Wnt/p-catenin signaling pathway
has been shown to facilitate the proliferation, renewal
and differentiation of CSCs. This event plays a signifi-
cant role in the process of carcinogenesis, leading to
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resistance development to chemotherapy and immune
evasion potentially [195].

Regulations in specific tumors

Colorectal cancer The Wnt signaling pathway altera-
tions are universally observed in CRC tissues, with more
than 90% of CRC cases harboring mutations in genes
such as APC, CTNNBI1, RNF42, AXIN1, or RSPO [196].
Clinical data indicates that approximately 70% of both
sporadic and hereditary colorectal cancers exhibit dele-
tions or mutations in the APC gene [197]. In a cohort
of 720 colorectal cancer patients, the deletion of mem-
brane P-cyclins was predominantly associated with a
poor prognosis, as evidenced by overall survival analysis
[198]. Mutations in the AXIN1 or AXIN2 genes have been
detected across various types of cancers [199]. The occur-
rence of APC mutations has been linked to the initiation
of CRC development, as observed in FAP. The APC multi-
ple intestinal neoplasias mouse model has been employed
to investigate intestinal cancer [200, 201].

RSPO fusion also plays a crucial role in CRC genesis.
The RSPO family comprises four members (RSPO1-
4) that share a similar structure enabling interaction
with LGR4-6, LPR5/6, ZNRF3/RNF43, FZD, and hepa-
ran sulfate proteoglycans [202]. RSPO mutations, gene
rearrangements, fusions, copy number alterations, and
altered gene expression have also been identified in a
variety of cancers including CRC [203]. The PTPRK-
RSPO3 fusion transcription is the predominant RSPO
type detected in traditional serrated adenoma (TSA),
a rare type of colorectal serrated polyp. EIF3E-RSPO2
fusion was identified in CRC and PIEZ01-RSPO2 was also
identified in cDNA ends [204]. Hyperactivation of the
Wnt pathway sustains proliferative signals and prevents
proper differentiation of intestinal stem cells into mature
cells, resulting in the accumulation of undifferentiated
cells that can contribute to tumor initiation and growth.
Several characteristics have been identified in stem
cells, including Lgr5, Bmil, Lrigl and Dclkl [205-207].
The ablation of cells expressing Bmil or directly elimina-
tion of Lgr5-positive cells has demonstrated a reduction
in intestinal tumor burden [208, 209]. Furthermore, the
Wnt/B-catenin signaling pathway exhibits crosstalk with
other pathways and actively participates in the regulation
of tumor microenvironment [210, 211]. Dysregulated
Wnt signaling orchestrates intricate interactions between
transformed cells and infiltrating immune cells, thereby
fostering immune tolerance and constraining anti-tumor
responses [212]. Additionally, cancer-associated fibro-
blasts (CAF) can enhance invasion and migration of
colorectal cancer cells by releasing Wnt2 protein [213].
The RSPO family comprises a group of secreted proteins
synthesized by stromal cells within the tumor microenvi-
ronment that augment Wnt signaling [214].
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Hepatocellular carcinoma HCC is one of the most
prevalent carcinomas worldwide and a leading cause of
cancer-related death [215]. The CTNNBI1 mutation rep-
resents one of the most crucial genetic events in human
HCC, characterized by an increased prevalence of
[-catenin overexpression and mutations in hepatitis C
virus related HCC compared to hepatitis B virus related
cases [216, 217]. Although B-catenin has been associated
with early-stage HCC, its prognostic significance remains
controversial [218]. Importantly, CTNNB1 mutation may
impact the pathological presentation of HCC. Audard et
al. demonstrated that CTNNB1-mutated HCCs typically
manifest as large solitary lesions (>6 cm in diameter)
[219]. The activation of Wnt/p-catenin alone is insuffi-
cient to drive hepatocarcinogenesis; instead, its interac-
tions with c-Met, K-RasV12, activated Akt, LKB1, and
Nrf2 are necessary for HCC formation in mice. c-Met
has been observed in 10% of human HCC tissue samples
[220-224]. AXIN1 also plays a crucial role in HCC genesis.
In AXIN1-deleted mice, 40% of mutated mice developed
HCC, while none of the control monogenic mice exhib-
ited HCC development [225]. The deletion of AXIN1 also
triggers the activation of Notch and YAP pathways, syner-
gistically contributing to HCC progression [225]. Numer-
ous regulators associated with the Wnt signaling pathway
have been investigated in HCC. For example, peroxire-
doxin 2 (PRDX2) exhibits the capability of Wnt/p-catenin
pathway activation by promoting 3-catenin nuclear trans-
location. It has been identified that in patients with HCC,
PRDX2 levels in bile are significantly higher compared
to those with choledocholithiasis. Evidence suggests that
silencing PRDX2 results in the induction of senescence in
HCC cells [226].

Breast cancer Abnormalities in the Wnt signaling path-
way that induce breast cancer development are implicated
at various levels, encompassing DNA, mRNA, protein,
and subcellular localization. Analogous to other tumors,
activation of Wnt signaling frequently transpires in breast
cancer. Deletion, mutation, reduction or hypermethylation
of DC components commonly occur, thereby facilitating
the nuclear entry of 3-catenin proteins. The aberrant acti-
vation of the Wnt/catenin pathway in breast cancer is pre-
dominantly induced by epigenetic alterations in constitu-
ent elements, such as C-terminal binding protein [227]
and Groucho-related transcriptional repressor protein
[228]. Invasive ductal carcinoma (IDC) and invasive lobu-
lar carcinoma (ILC) are two prevalent subtypes of breast
cancer associated with poor prognosis. IDC demonstrates
consistent expression of f-catenin, both in the membrane
and nucleus [229]. In contrast, ILC does not exhibit these
expressions and, in cases of lobular carcinoma in situ,
also lacks expression of the E-cadherin protein [230]. In
brief, abnormalities in the Wnt signaling pathway play a
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critical role in breast carcinogenesis, and therefore neces-
sitate thorough and meticulous investigation [231]. In
breast cancer, the expression of B-catenin mRNA is sig-
nificantly upregulated in ALDH" CD44" breast CSCs and
positively correlates with Ki67 expression. This suggests a
close association between [-catenin and the self-renewal
function of breast CSCs [232]. Meanwhile, aggregated
[B-catenin can promote the expression of plasma protease
(MMP-9, MMP-12), thereby enhancing the resistance and
invasiveness of tumor cells [232]. Notably, CSCs exhibit
higher Wnt/p-catenin signaling compared to other cancer
cell types in breast cancer. Treatment with CWP232228,
a [B-catenin inhibitor that antagonizes the binding of
B-catenin to TCF in the nucleus, effectively reduces intra-
cellular Wnt3a transcriptional activity and inhibits CSC
proliferation. Therefore, this study suggests that targeting
B-catenin may hold significant therapeutic potential for
addressing cancer metastasis, recurrence, and drug resis-
tance in breast cancer associated with CSCs [233].

Prostate cancer [B-catenin proteins play an indispens-
able role in embryonic prostate development, whereas
its overexpression contributes to invasive prostate cancer
development [234]. The increased levels of 3-catenin pro-
teins in prostate tumor cells primarily result from gene
mutations and alterations in the expression of activators
and inhibitors within the Wnt signaling pathway [235].
Although genetic and epigenetic changes activate Wnt/
[B-catenin signaling to drive the progression of prostate
cancer [235], it is not commonly observed for CTNNBI,
APC, and AXIN1 genes to undergo mutations in prostate
cancer [236]. It is noteworthy that activation of Wnt/p-
catenin signaling due to genetic changes occurs more
frequently in castration-resistant prostate cancer (CRPC)
compared to treatment-naive cases, as evidenced by clini-
cal samples obtained from CRPC patients, which dem-
onstrate alterations in CTNNB1 and APC genes [237].
Moreover, APC deletion in combination with the prostate
oncogene Hepsin overexpression facilitates prostate can-
cer progression [238]. Mouse models of prostate cancer
can be generated by inducing stable forms of -catenin
or APC deletion [235]. The secretion of Wnt by prostate
stromal cells significantly influences tumorigenesis and
progression [235]. For instance, Wnt3a has been certi-
fied to activate canonical Wnt signaling in epithelial cells,
thereby promoting the progression of high-grade prostate
intraepithelial neoplasia to adenocarcinoma [174]. Addi-
tionally, Wnt16b, another member of the Wnt family, acti-
vates the classical Wnt program within tumors in a para-
crine manner. Consequently, this mechanism diminishes
the efficacy of chemotherapy in eradicating cancer cells
and fosters the development of drug resistance [239]. Tar-
geting the Wnt receptor on the cell membrane or inhibit-
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ing the function of p-catenin-associated proteins repre-
sents an effective approach for prostate cancer treatment.

Melanoma The Wnt signaling pathway governs the
migration of neural crest melanocytes to the hair and epi-
dermal follicles, where they facilitate cellular differentia-
tion and generate skin and hair pigment [240]. Activation
of this pathway leads to an increase in the melanocyte
population as well as a decline in the number of neurons
and glial cells [240]. In terms of melanocyte development,
the Wnt signaling pathway assumes a pivotal role by acti-
vating the microphthalmia-associated transcription fac-
tor, which regulates cell survival, proliferation, and dif-
ferentiation processes [241]. Additionally, the activation
of the Wnt signaling pathway in melanoma is known to
occur through the ubiquitination and degradation of
CD44 and cortactin by RNF128, subsequently inducing
EMT and stemness in melanoma cells. This process is
considered to promote melanoma progression and is sig-
nificantly associated with a poor prognosis in melanoma
patients [242]. The role of B-catenin in the later stages of
melanoma development remains controversial, as some
studies propose that elevated levels of B-catenin in mela-
noma are associated with a lower proliferative index [243]
or a better prognosis [244]. However, numerous studies
have demonstrated that the oncogenic role of B-catenin
in melanoma [245, 246]. Hence, further investigation is
imperative to fully comprehend the dynamic involvement
of B-catenin proteins in melanoma progression, which can
provide valuable insights into its pathogenesis and guide
the development of targeted therapies. It is widely postu-
lated that distinct Wnt signaling pathways are harnessed
by melanoma cells at different stages of disease advance-
ment; canonical Wnt signaling predominantly facilitates
growth and transformation to augment their proliferative
capacity [247, 248].

Renal cell carcinoma In numerous patients with renal
cell carcinoma (RCC), various abnormalities have been
observed in the expression of Wnt proteins, Wnt recep-
tors, and Wnt antagonists. Some of these aberrations
include upregulation of Wnt1 [249] and Wnt10a [250], as
well as downregulation of Wnt5a [251] and Wnt7a [252].
In addition, RCC also exhibits elevated mRNA levels of
Wnt receptors FZD5 and FZDS8, resulting in increased
cyclin D1 [253]. The elevated protein expression level
of FZD7 and restoration of FZD7 function effectively
reverses the inhibitory effect exerted by the tumor sup-
pressor miR-613 on RCC cell proliferation and invasion
[254]. Alterations in -catenin expression have also been
observed in RCC [255]. Cytoplasmic accumulation of
[-catenin is considered a promising therapeutic approach
due to their potential role in maintaining cellular homeo-
stasis [256]. The Wnt signaling pathway is tightly regulated
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by Wnt antagonists. Any attenuation or loss of these regu-
lators can result in further aberrations within the path-
way. These aberrations encompass the down-regulation of
SFRP members, the DKK family, and WIF1, among oth-
ers [257]. Guo et al. discovered a significant decrease in
serum levels of DKK1 and DKK3 among ccRCC patients
compared to healthy individuals [258]. The reduced levels
of DKK1 might be attributed to various factors including
promoter hypermethylation and histone modifications.
DKKT1 is an inhibitor of the Wnt signaling pathway while
DKKS3 is generally considered to act as a tumor suppres-
sor [259]. It has been suggested that there is an interactive
relationship between DKK1 and DKK3 [258]. Further-
more, although the canonical Wnt signaling pathway has
been extensively studied, further investigation is required
to understand the non-canonical Wnt pathway in RCC.
Gaining insights into the intricate interactions between
the Wnt pathway and other pathways could facilitate the
identification of novel therapeutic targets and more effec-
tive diagnostic markers.

Glioblastoma Active Wnt/p-catenin signaling has
been correlated with diminished survival rates among
patients diagnosed with GBM. Although abnormalities in
major components of the Wnt pathway are infrequently
observed in GBM [260], APC mutations have been found
to occur in approximately 13% of GBM patients, with a
frequency of around 14.5% [261]. Increased binding of
cadherin to a- or -catenin promotes the migration of
glioma cells and EMT [261]. Additionally, phosphoryla-
tion of B-catenin stimulates the migration and activation
of glioma cells. Wnt5a modulates the synthesis of matrix
metalloproteinase-2 (MMP-2), thereby enhancing glioma
cell migration [262]. Autophagy, a crucial cellular process
involving the degradation of cytoplasmic components
by lysosomes, plays a significant role in attenuating Wnt
signaling in GBM and inducing the intracellular relocal-
ization of P-catenin proteins. It has been demonstrated
robust autophagy can result from nutrient deficiency
or the administration of mTOR inhibitors in GBM cells
[260]. GSK3p promotes autophagy by phosphorylating
the tuberous sclerosis complex [260]. Mesenchymal stem
cells (MSCs), a type of pluripotent stem cells derived from
the mesoderm, possess robust migratory capacity and
resistance to genotoxic substances attributed to the EMT
undergone by polarized epithelial cells [261, 263]. GBM
with mesenchymal features is characterized by a high
degree of aggression and resistance towards treatment
along with neural stem cell marker [264]. Adaptive radio-
resistance in patients with GBM is regulated by a diverse
range of proteins, including N-cadherin and B-catenin.
The concurrent expression of N-cadherin and B-catenin
leads to the attenuation of Wnt/p-catenin signaling, con-
sequently inhibiting the proliferation of neuronal cells.
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Moreover, reduced levels of N-cadherin and B-catenin
have been found to enhance cellular sensitivity to radia-
tion therapy [261].

Osteosarcoma Osteosarcoma (OS) is a disease charac-
terized by aberrant cellular differentiation, which arises
from the transformation of pluripotent MSCs [265]. In
mice, the absence of the CDKN2A locus promotes the
formation of OS [266]. Human OS cells possessing MSC
characteristics exhibit distinct genetic profiles compared
to other tumor cell types, enabling them to maintain an
undifferentiated state [267]. Numerous studies have dem-
onstrated that dysregulated activation of the canonical
Wnt signaling pathway contributes to both the develop-
ment and metastasis of OS [268, 269]. It has been observed
that OS tissues exhibit elevated levels of -catenin com-
pared to adjacent healthy tissues, resulting in poor prog-
nosis and the occurrence of lung metastasis [270]. The
inactivation of the Wnt/B-catenin pathway, particularly
through the deletion of genes associated with this signal-
ing pathway, such as c-myc and cyclin D1 proteins, also
contributes to the development of OS [271]. Similarly, OS
is characterized by the presence of EMT, which inhib-
its key components of intercellular junctions, including
E-cadherin, thereby promoting the invasiveness of cancer
cells [272]. Furthermore, a study has demonstrated that
Echinatin (Ecn), a naturally occurring active compound,
exerts inhibitory effects on the proliferation, migra-
tion, and invasion of OS cells by suppressing the Wnt/[3-
catenin signaling pathway while simultaneously activating
the p38 signaling pathway [273]. Long non-coding RNA
urothelial cancer-associated 1 (UCA1) participates in OS
pathogenesis by modulating the Wnt/fB-catenin pathway
through the miR-145/HMGAL1 axis. Inhibition of UCA1
and upregulation of miR-145 both impede the adverse
progression of OS, suggesting that UCA1 holds the poten-
tial to be a therapeutic target for OS [274]. The activity of
the Wnt pathway is closely tied to bone development and
growth, and its dysregulation can lead to corresponding
pathological conditions [275]. In conventional high-grade
OS, the Wnt/B-catenin pathway is inhibited while reacti-
vation of this pathway has been demonstrated to suppress
cancer cell proliferation [276].

Therapeutic targeting of the Wnt/B-catenin
signaling pathway

Abnormal activation of the Wnt/B-catenin signaling
pathway is involved in various diseases and the onco-
genic transformation of tumors, underscoring the sig-
nificance of pivotal factors involved in Wnt/p-catenin
signal transduction as promising targets for therapy. So
far, numerous inhibitors targeting the Wnt/p-catenin
signaling pathway have emerged as promising thera-
peutic agents for cancer treatment and are currently
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undergoing preclinical or clinical research. These drugs
exhibit the capacity to effectively target specific compo-
nents of the classical Wnt signaling cascade, leading to
the attenuation of Wnt signal transduction and imped-
ing cancer progression. The judicious selection of either
Wnt activators or inhibitors is pivotal and should be
based on critical factors such as the precise disease type,
stage of advancement, and lesion characteristics. Exten-
sive investigation into the targeted therapy against the
Wnt/B-catenin pathway has yielded the identification and
exploration of several inhibitors in clinical research. Clin-
ical trials of agents targeting the Wnt—f-catenin signaling
pathway are presented in Table 4; Fig. 3.

The targeted agents of the Wnt/p-catenin pathway
can be classified into various types based on different
dimensions. In terms of the specific components targeted
within the pathway, these agents can be categorized as
follows: (1) extracellular or membrane level inhibitors,
which target the Wnt ligands, FZD, LRP5/6, WIF, DKK-
1, and other secreted soluble regulators; (2) cytoplasmic
level inhibitors, which target B-catenin, AXIN, APC, and
other components involved in pathway activation; (3)
nuclear level inhibitors, which modulate the transcription
of transcription of target genes, such as transcriptional
co-factors; and (4) inhibitors that interact with other sig-
naling pathways [315]. Additionally, these agents can be
further classified based on their nature and application,
including pharmaceuticals/phytochemicals, Wnt inhibi-
tory molecules, or clinical Wnt inhibitors that specifically
target the Wnt pathway. Given the significant association
of this pathway with carcinogenesis, extensive research
has been conducted in this field. The mechanism of these
targeted agents is illustrated in Fig. 4.

Small-molecule inhibitor

Small-molecule inhibitors (SMIs) are commonly rec-
ognized as chemically synthesized compounds with a
molecular weight below 1 kDa [326]. Due to their lower
cost, facile manufacturing process, oral bioavailability,
and ability to target both extracellular and intracellu-
lar components, SMIs possess indispensable potential.
These inhibitors can be classified into three categories:
small molecules that target cytoplasmic proteins, those
targeting transcriptional factors, and those targeting co-
activators [277]. The SMIs targeting the Wnt/B-catenin
pathway are summarized in Table 5.

Porcupine inhibitors

Inhibitors targeting PORCN have the ability to effectively
suppress the post-translational acylation process of Wnt
ligands, thereby impeding their secretion [278]. Among
these inhibitors, Wnt974 (LGK974) particularly note-
worthy for its demonstrated efficacy in various tumor
models including mouse mammary tumor virus-Wnt-1
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Table 4 Clinical trials of agents targeting Wnt--catenin signaling pathway

Name Type Target Function Cancer types Phase Clinical trial record
Wnt974 SMI Porcupine Inhibition of Wnt lipid modifications ~ Metastatic Colorectal I/11 NCT02278133
Cancer

RXC004/0001  SMI Porcupine Inhibition of Wnt lipid modifications ~ Advanced cancer I/lla EUCTR2017-000720-9

XNW?7201 SMI Not report AWnt pathway inhibitor Advanced Solid Tumors | NCT03901950

OMP-54F28  SMI FzD8 Decoy receptor for Wnt ligands Solid Tumors | NCT01608867

PRI-724 SMI CREB-binding  Blocking the Wnt signaling pathway ~ Acute Myeloid Leukemia  I/Il NCT01606579

protein

FOG-001 SMI (-catenin AWnt pathway inhibitor Colorectal Cancer /11 NCT05919264

Sinecatechins  Natural Not report Inactivation of B-catenin signaling Carcinoma Basal Cell 1171 NCT02029352
ingredient

RNA circ-ITCH  Natural Not report Inhibiting Wnt/R-catenin signaling Colon cancer NR ChiCTR2100048989
ingredient pathway

Micro Natural Not report Down-regulating LHX2 Nasopharyngeal NR ChiCTR1800018889

RNA-506 ingredient carcinoma

Calcitriol Natural Wnt/B-catenin A Wnt pathway inhibitor Basal cell cancer NCT01358045
ingredient

Resveratrol Natural Not report Resveratrol modulates Wnt signaling ~ Colon Cancer | NCT00256334
ingredient

PTK7-ADC Antibody Not report AWnt pathway inhibitor Triple Negative Breast | NCT03243331

Cancer
DKN-01 Antibody DKK1 Whnt signaling Alterations - DKN-01 Hepatocellular Carcinoma I/l NCT03645980
inhibition
Cirmtuzumab  Antibody NR AWnt pathway inhibitor Metastatic Castration- | NCT05156905

resistant Prostate Cancer

Porcupine inhibitor:
ETC159

Porcupine inhibitor: RXC004

mAb targeting Rspo3: Wnt inhibitor: Porcupine P2Y12 inhibitor: ticagrelor, prasugrel
OMP-131R10 SM04755 inhibitor: XNW7201 Whnt inhibitor: Pyrvinium
2015 2016 > 2017 2> 2018 > 2019 > 2020 > 2021 2023
Pol:cl;“t’g:e ;‘:&’ 1t~al,|:l%?gg!1l FZD10 antagonist: OTSA-101 Porcupine inhibitor: Nintedanib
(I;r:i)lﬂlni ’ Wnt inhibitor: Ipafricept, Atezolizumab Whnt inhibitor: ONC201

DVL inhibitor: Niclosamide DKK1 inhibitor: DKN-01

Fig. 3 Timeline of clinical trials for agents targeting the Wnt/B-catenin signaling pathway

(MMTV-Wntl) mouse model and models of human
head and neck squamous cell carcinoma [279, 280]. It
demonstrates remarkable efficacy in metastatic CRC with
Wnt pathway mutations and head and neck squamous
cell carcinoma with Notch mutations, as both tumor
types exhibit high sensitivity to LGK974 [278, 280]. In
vitro studies have also revealed the ability of LGK974 to
diminish the viability of epithelial ovarian cancer (EOC)
cells and impede tumor growth in vivo [281]. ETC159
is an orally available PORCN inhibitor that effectively
obstructs the secretion and activity of all Wnts. It has
exhibited significant therapeutic effects in xenografts
derived from CRC patients harboring RSPO transloca-
tions [282]. CGX1321, another PORCN inhibitor, has
been demonstrated to reduce tumor cell burden, enhance
immune cell infiltration, and improve survival rate in an
EOC mouse model [283]. WHN-88, a recently developed
PORCN inhibitor, effectively impedes the palmitoylation

of Wnt ligands, thereby obstructing their secretion as
well as the Wnt/B-catenin signaling pathway activation
[284]. This inhibition has demonstrated the ability to sup-
press mouse mammary tumor growth and impede Wnt-
driven human tumor progression in xenografts. Other
PORCN small molecule inhibitors, including IWP com-
pounds, RXC004, and Wnt-C59, have been identified for
their ability to block Wnt secretion by inhibiting the acyl-
ation of Wnt proteins [285-287]. Notably, the combina-
tion of ETC-159 (a PORCN inhibitor) and GDC-0941(a
PI3K inhibitor) has demonstrated remarkable inhibition
of proliferation in RNF43-mutant pancreatic cancer cells
and effectively suppressed the growth of xenografts in
vivo [288]. Furthermore, GNF-6231 has exhibited signifi-
cant inhibitory effects on breast cancer in a mouse model
[289].
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Fig. 4 Therapeutic strategies targeting Wnt/-catenin signaling pathway. Currently, many Wnt/B-catenin signaling pathway inhibitors have become
potential anti-cancer therapeutic drugs and are currently undergoing preclinical or clinical research. These drugs work by targeting specific components
of the canonical Wnt signaling pathway, causing downregulation of Wnt signaling and inhibiting cancer progression. The selection of Wnt activators or
inhibitors is crucial. In terms of specific target components within the pathway, these drugs can be divided into the following categories: (1) Extracellular
or membrane level inhibitors or antagonists, which target Wnt. Ligands: FZD, LRP5/6 (2). Cytoplasmic level inhibitors, targeting 3-catenin, AXIN, APC and
other components involved in pathway activation; (3) Nuclear level inhibitors, regulating the transcription of target genes, such as transcriptional co-

factors; (4) Inhibitors that interact with other signaling pathways

FZD antagonists

The identification of selective inhibitors for FZD7 has
posed a significant challenge. The Wnt-FZD pathway
is activated by Wnt proteins, which are promiscuous
ligands capable of binding to multiple FZDs [290]. In
vitro studies have demonstrated that SRI37892, which
interacts with the putative binding site on the trans-
membrane domain of FZD?7, effectively inhibits cell pro-
liferation and the p-catenin-dependent Wnt pathway in
triple-negative breast cancer cells. Additionally, compu-
tational docking has identified ZINC05972969 as another
small molecule that targets FZD7 [290]. Niclosamide
facilitates the endocytosis of FZD1, leading to the down-
regulation of Wnt3a-induced [-catenin stabilization
[291].

LRP5/6 inhibitors

BMD4503-2, a quinoxaline derivative, has been identi-
fied as a novel small-molecule inhibitor that blocks the
interaction between LRP5/6 and sclerostin. Through
competitive binding to the LRP5/6-sclerostin complex,
BMD4503-2 has the potential to restore the decreased

activity of the Wnt/p-catenin signaling pathway [292].
Mesd, a universal inhibitor of LRP5/6 ligands, plays a
dual role in inhibiting the binding of the Wnt antago-
nists DKK1 and Sclerostin to LRP5/6 receptors, as well as
suppressing Wnt/p-catenin signaling induced by Wnt3a
and Rspondinl in Lrp5/6-expressing cells. Furthermore,
Mesd demonstrates the ability to inhibit LRP6 phosphor-
ylation and Wnt/B-catenin signaling in prostate cancer
PC-3 cells, resulting in the suppression of PC-3 cell pro-
liferation [293]. Niclosamide, calcipotriol, Salinomycin,
pantoprazole and monensin downregulates the total and
p-LRP6, leading to its degradation and inhibition of Wnt/
[-catenin signaling pathway [294, 295].

DVL inhibitors

The DVL protein family comprises three members: DVL-
1, DVL-2, and DVL-3, which can bind to FZD and regu-
late small GTPases [34]. As an essential component in
the Wnt/p-catenin signaling pathway, the DVL family
represents an ideal target for anti-tumor treatment. DVL
recruits the components of DC to the cell membrane
by binding to the cytoplasmic carboxyl end of the FZD
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Table 5 Small-molecule compounds targeting Wnt/3-catenin pathway
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Agents Mechanism Cancer type Phase Ref.
Wnt974 (LGK974) Porcupine inhibitors Breast cancer Phase | [279, 280]
ETC159 Porcupine inhibitors Colorectal cancer, Osteosarcoma Phase | [282]
CGX1321 Porcupine inhibitors Ovarian cancer Phase | [283]
WHN-88 Porcupine inhibitors Pancreatic carcinoma Preclinical [284]
RXC004 Porcupine inhibitors Colorectal cancer, Phase Il [286]
Pancreatic cancer
IWP compounds Porcupine inhibitors cancer Preclinical [283]
Wnt-C59 Porcupine inhibitors Breast cancer Preclinical [283]
SRI37892 FzD7 triple-negative breast cancer Preclinical [291]
ZINC05972969 FzD7 Not determined Preclinical [290]
Niclosamide FZD1 Glioblastoma cells Preclinical [298]
FJ9 DVL inhibitor Lung Cancer, Preclinical [302]
Lymphoma, Colorectal cancer, Melanoma
NSC668036 DVL inhibitor Cervical cancer Preclinical [301]
3289-8625 DVL inhibitor Prostate cancer Preclinical [302]
sulindac DVL inhibitor Colorectal cancer Preclinical [303]
XAV939 TNKS inhibitors Renal cancer Preclinical [308]
GOO7LK TNKS inhibitors colorectal cancer Preclinical [309]
G244-LM TNKS inhibitors colorectal cancer Preclinical [310]
RK-287,107 TNKS inhibitors Colorectal cancer Preclinical [311]
JW55 TNKS inhibitors Colorectal cancer Preclinical [312]
K-756 TNKS inhibitors Colorectal cancer Preclinical [313]
IWR-1 TNKS inhibitors Lung cancer Preclinical [314]
MSC2504877 TNKS inhibitors Colorectal cancer Preclinical [315]
AZ1366 TNKS inhibitors Colorectal cancer Preclinical [314]
NVP-TNKS656 TNKS inhibitors Colorectal cancer Preclinical [317]
Pyrvinium CK1a activator Colon cancer Preclinical [319]
SSTC3 CKla activator Colorectal cancer Preclinical [321,322]
PKF115-854 f3-catenin Hepatocellular Carcinoma Preclinical [327,328]
CGP04909036-40 B-catenin Hepatocellular Carcinoma Preclinical [327,328]
LF3 f3-catenin Colorectal cancer Preclinical [329]
NLS-StAx-h (3-catenin Colorectal cancer Preclinical [329]
PRI-724 CREB-binding protein Head and Neck Squamous Cancer Cells Preclinical [336,337]
SM08502 Serine-arginine-rich splicing factor inhibitor Hepatocellular Carcinoma Preclinical [330]
chloroquine Cancer stem cells Breast cancer, Preclinical [341]
Ovarian cancer
ONC201 Cancer stem cells Prostate cancer, glioblastomas Preclinical [342]
Trifluoperazine Cancer stem cells Lung cancer Preclinical [341]
IC-2 Cancer stem cells Hepatocellular Carcinoma, Preclinical [343-345]
Colorectal cancer,
Bladder Cancer
FH535 Cancer stem cells Colorectal cancer Preclinical [346]

protein through its PDZ domain, thereby modulating the
Wnt signaling pathway [41, 296]. Niclosamide, an anti-
helminthic compound, has demonstrated efficacy in pro-
moting FZD endocytosis while downregulating DVL-2
and inhibiting B-catenin [297, 298]. NSC668036, FJ9, and
3289-8625 effectively block the interaction between DVL
PDZ domain and FZD, subsequently inhibiting signal
transduction pathways [299-302]. In addition, sulindac,
as an SMI, effectively impedes the B-catenin signal trans-
duction pathway triggered by Wnt3a at the DVL level
[303]. Another noteworthy SMI, KY-02061, exhibits its

potential to obstruct the interaction between DVL and
CXXC5, which is involved in the negative feedback regu-
lation of Wnt/p-catenin signal transduction [130].

SMis targeting DC

Tankyrases (TNKS) function as inhibitory agents that
specifically regulate the DC of B-catenin. AXIN, a rate-
limiting scaffolding protein within the complex, is
continuously regulated by TNKS [304-306]. TNKS pri-
marily contribute to the degradation of AXIN protein,
and its inhibition leads to the stabilization of AXIN,
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thereby antagonizing Wnt signaling [307]. Several TNKS
inhibitors with favorable therapeutic effects have been
developed, including XAV939, GO07LK, G244-LM,
RK-287,107, JW55, K-756, IWR-1, MSC2504877,
AZ1366, JW74, and NVP-TNKS656 [308-317]. CKla
strictly modulates the canonical Wnt signal transduction
and serves as a negative regulator of Wnt signaling, play-
ing a crucial role in the formation of DC and subsequent
phosphorylation of f-catenin [318]. Pyrvinium, an FDA-
approved drug, has demonstrated efficacy against vari-
ous cancers. It effectively stabilizes AXIN and facilitates
[-catenin turnover, thereby inhibiting Wnt signal trans-
duction [319]. Moreover, pyrvinium directly activates
CKla kinase activity by attenuating CRBN-mediated
degradation of CKla, further suppressing canonical Wnt
signal transduction [320]. SSTC3, a small molecule acti-
vator of CKla, can inhibit the growth of heterologous
transplants in CRC [321, 322].

SMl targeting TCF

There are also small molecule inhibitors available that
effectively disrupt the interaction between [-catenin
and TCE. For example, the fungal derivative PKF115-854
and CGP04909036-40 exhibit dose-dependent inhibition
of the B-catenin/TCF complex or hinder the binding of
[B-catenin to cAMP response element-binding protein
(CREB)-binding protein [323-327]. PKF115-854 and
CGP049090 have also presented inhibitory effects on
HCC cell growth [327, 328]. Additionally, LF3, a deriva-
tive of the 4-thiouracil-benzene sulfonamide compound,
significantly disrupts the crucial interaction between
B-catenin and transcription factor TCF4. Further-
more, NLS-StAx-h, a selective cell-penetrating peptide
inhibitor of B-catenin transcriptional factor interaction,
effectively inhibits the proliferation and migration of
colorectal cancer cells [329]. SM08502 is a small mol-
ecule inhibitor that targets the Wnt signaling pathway.
By blocking the interaction between [3-catenin and TCE/
LEF, SM08502 disrupts the formation of the transcrip-
tional complex required for Wnt target gene expression
[330].

Transcription co-factor inhibitors

Multiple coactivators involved in Wnt/p-catenin tran-
scription, including CBP/p300, BCL9, and pygopus, have
been identified. In recent years, several SMIs targeting
CBP, which acts as one of the coactivators for -catenin-
dependent transcription, have emerged and exhib-
ited promising anti-tumor effects in preclinical models
[331-333]. ICG-001 specifically disrupts the interac-
tion between CBP and (-catenin, thereby inhibiting the
transcriptional activation of Wnt target genes. Addition-
ally, ICG-001 selectively target human CSCs, leading to
the disruption of the CBP/B-catenin complex and the
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formation of a specific Sam68/CBP complex within the
CSCs [334]. PRI-724 serves as a pioneer small molecule
antagonist, similar to ICG-001 [335]. Upon phosphory-
lation, PRI-724 undergoes rapid hydrolysis in vivo to
convert into its active form known as C-82 to inhibit the
interaction between B-catenin and CBP [336]. In cases of
chemotherapy-resistant EOC with overactivated CBP/p-
catenin signaling pathway, PRI-724 has been found to
enhance sensitivity of tumor to platinum chemotherapy
while exhibiting significant toxicity in preclinical inves-
tigations [336, 337]. C646 is a potent and selective small
molecule inhibitor of CBP’s histone acetyltransferase
(HAT) activity. By inhibiting CBP’s HAT function, C646
blocks the acetylation of histones, leading to the repres-
sion of Wnt target gene transcription [338]. INT-001, a
selective antagonist of CBP, demonstrated significant
antitumoral activity in various preclinical models includ-
ing pancreatic, colon, and tamoxifen-resistant breast can-
cers [339, 340].

Targeting CSCs

Several compounds targeting CSCs via the Wnt/B-
catenin signaling pathway are commercially available.
Wnt974 (LGK-974), a PORCN inhibitor, has demon-
strated its ability to effectively impede the proliferation
of breast CSCs. Chloroquine has been identified as an
inhibitor of the Wnt/p-catenin pathway and demon-
strates selective anti-tumor properties by targeting ovar-
ian CSCs. Additionally, chloroquine reduces the levels of
CSCs and their self-renewal ability in basal-like breast
cancer through downregulation of LRP6 and [-catenin
expression [341]. Furthermore, research has demon-
strated that ONC201 significantly inhibits the expression
of CSC-related genes in prostate tumors and GBMs by
suppressing the Wnt/p-catenin pathway [342].

Some potential agents are currently undergoing pre-
clinical evaluation for their ability to target CSCs by
inhibiting the Wnt/p-catenin pathway. For instance,
IWR-1, a tankyrase inhibitor, has been identified to
impair the self-renewal of osteosarcoma CSCs and
enhance their sensitivity to doxorubicin by affecting the
intracellular translocation of B-catenin. Trifluoperazine,
an antipsychotic drug, has also demonstrated inhibition
of lung CSC sphere formation through suppression of
Wnt/B-catenin signaling transduction and downregula-
tion of lung CSC markers [341]. IC-2, a small molecule
inhibitor, effectively diminishes the population of CD44
cells (liver CSCs) and impedes sphere-forming capacity
in HCC, CRC, and bladder cancer cells [343—-345]. Simi-
larly, FH535 exhibits comparable effects by repressing the
expression of liver CSC markers CD24 and CD44 [346].
These therapeutic approaches can be designed to spe-
cifically target the stemness of CSCs, thereby inhibiting
tumor progression.
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Monoclonal antibody

Monoclonal antibodies (mAbs) represent targeted ther-
apeutics that exhibit significant therapeutic efficacy,
particularly in the inhibition of extracellular or mem-
brane-bound proteins. These antibodies are character-
ized by their high affinity and minimal off-target effects,
as well as their extended plasma half-life and decreased
clearance rate. mAbs not only directly interact with
extracellular and membrane-bound targets but also acti-
vates immune responses to indirectly exert anti-tumor
effects. In terms of direct action, mAbs bind to receptors
or ligands to impede signal recognition or facilitate endo-
cytosis, thereby diminishing the density of cell membrane
surface receptors. Regarding indirect action, mAbs can
induce complement-dependent cytotoxicity (CDC), anti-
body-dependent cellular cytotoxicity, or complement-
dependent cytotoxicity mediated by cells [347].

mAbs targeting FZD

OMP-18R5, also known as vanticumab, is a mAb target-
ing human FZD1, 2, 5, 7, and 8 [231, 348]. Experimen-
tal evidence suggests its potential to inhibit the growth
of gastric adenomas in mouse models irrespective of the
presence of Apc LoF mutations. OMP-54F28, also known
as ipafricept, represents a fusion protein integrating CRD
of FZD8 and the immunoglobulin Fc domain [349]. By
competitively binding to Wnt ligands, it negatively regu-
lates the Wnt/B-catenin signaling transduction and dis-
rupts the function of LRPs/FZDs [347, 350]. Ipafricept
shares many similarities with vanticumab. Studies have
shown that ipafricept exhibits significant anti-tumor
effects in MMTV-Wntl cancer models. Additionally,
the synergistic effect of ipafricept with gemcitabine has
been demonstrated in pancreatic PDX models, signifi-
cantly reducing the frequency of CSCs. This combination
therapy strategy demonstrates superior tumor-blocking
capabilities compared to the individual use of ipafric-
ept or gemcitabine. Remarkably, both vanticumab and
ipafricept exhibit remarkable synergistic effects when
combined with taxanes (paclitaxel, cabazitaxel, and
docetaxel). Fischer et al. have demonstrated the potential
of pre-administering continuous ipafricept/vanticumab
as a strategic approach to overcome resistance associ-
ated with taxanes alone, thus providing valuable insights
for addressing this challenge in clinical practice. Mecha-
nistically, the combination of ipafricept/vanticumab and
taxanes augments cellular mitosis. The adverse reactions
associated with OMPs resemble those of Porc inhibitors;
however, OMPs exhibit more pronounced skeletal dam-
age. Studies have indicated that vanticumab elicits more
severe skeletal side effects in comparison with ipafricept.
Overall, despite preclinical experiments demonstrat-
ing the favorable performance of OMPs, there remains
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a certain level of risk associated with their clinical
applications.

F2.A is a newly developed antibody that selectively
targets 6 out of 10 human FZDs (FZD1/2/4/5/7/8). The
researchers initially identified an anti-FZD antibody
(F2) with a specific profile that matched OMP-18R5.
Subsequently, they employed combinatorial antibody
engineering techniques to systematically explore and
discover a variant (F2.A) with high specificity towards
FZD4, thereby enabling the synthesis of this compound.
Research findings have demonstrated that F2.A exhibits
selective binding to FZD4 without competing with Nor-
rin, another protein sharing a similar binding site. More-
over, in comparison with OMP-18R5 and OMP-54F28,
F2.A demonstrates superior efficacy in treating RNF43-
mutant pancreatic ductal adenocarcinoma.

OTSA-101, a humanized mAb targeting FZDI10,
has derivatives including 211At-OTSA-101, 111In-
OTSA101, and 90Y-OTSA-101 [351]. Among them,
111In-OTSA-101 is commonly employed as a diagnos-
tic tool. However, the antagonistic activity of OTSA-101
against the growth of synovial sarcomas cells is relatively
weak. Experimental evidence has demonstrated that
211At-OTSA-101 tends to accumulate in the stomach
and exhibits a lower uptake rate in tumor cells compared
to 111In-OTSA-101. Nonetheless, 211At-OTSA-101
displays a more pronounced inhibitory effect than
90Y-OTSA-101. Furthermore, significant bone mar-
row suppression and notable hematological toxicity are
observed with the administration of 90Y -OTSA —101.

mAbs targeting RSPO3

OMP-131R10, also known as rosmantuzumab, is a
humanized mAb targeting RSPO3. On the basis of the
redundancy of RSPOs in activating Wnt/p-catenin sig-
naling, certain malignant hematologic cancers exhibit
aberrant activation of this pathway independent of Wnt
ligands. Consequently, extensive research has demon-
strated the ability of rosmantuzumab to impede self-
renewal and differentiation processes in acute myeloid
leukemia cells within PDX models, while simultaneously
preserving the normal physiological function of hemato-
poietic stem cells [347].

mAbs targeting DKK1

DKN-01 is a humanized 1gG4 mAb that can bind to and
inhibit the activity of DKK1. The physiological mecha-
nism associated with DKK1 involves the activation of
DKK1 transcription through the Wnt/B-catenin signal-
ing pathway, which then binds to LRP5/6 and blocks the
recognition of Wnt ligands, thereby forming a negative
feedback loop that inhibits Wnt signaling [352]. How-
ever, some tumors characterized by excessive Wnt/p-
catenin signaling are not sensitive to DKK1. Excessive
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levels of DKK1 have been shown to facilitate tumor cell
proliferation, but it is noteworthy that anti-DKK1 ther-
apy may not only enhance Wnt signaling in osteoblasts
but also in tumor cells. Although the precise underlying
mechanism remains unclear, it is speculated that DKK1
contributes to tumor immune evasion. Experimental evi-
dence has demonstrated that an intact immune system is
necessary for the function of DKN-01, thereby exhibiting
satisfactory tolerability in clinical trials and better effi-
cacy in patients with DKK1 overexpression in particular.
In murine studies, the administration of DKK1 mAb in
combination with sclerostin antibody (Scl-mAb) at a low
dose (3:1 dose of Scl-mAb: DKK1-mAb at12.5 mg/kg) has
yielded significant skeletal benefits. These findings sug-
gest that DKK plays a crucial role in negatively regulating
bone mass in aging individuals [353].

Natural bioactive compounds

In addition to synthetic compounds, an increasing num-
ber of natural products have been discovered to have an
inhibitory effect on the Wnt/B-catenin protein signaling
pathway. In comparison with conventional chemother-
apy drugs, natural bioactive compounds typically exhibit
minimal toxicity and can be readily obtained through
dietary sources. These distinctive attributes render them
promising adjunctive therapeutics for impeding cancer
progression and mitigating the adverse effects associated
with anticancer drugs.

Amongst the extensively investigated agents, resve-
ratrol emerges as a prominent plant-derived compound
that serves as a defensive mechanism against toxins in
response to plant injury or pathogenic assault. Resvera-
trol has been found to inhibit the activation of B-catenin
by preventing its nuclear translocation and subsequent
interaction with TCF/LEF transcription factors. Resvera-
trol has been incorporated into two phase I clinical tri-
als to investigate its potential in preventing CRC through
dietary supplementation and reducing myocardial fibro-
sis [354]. Additionally, silybin, an extract derived from
milk thistle seeds, significantly reduces the transcrip-
tional activity of P-catenin-dependent TCF4 and the
protein expression of -catenin target genes. It has also
demonstrated promising results in inhibiting tumor for-
mation in preclinical models. Curcumin exhibits interfer-
ence with the Wnt pathway and E-cadherin regulation,
effectively suppressing the growth and invasion of CRC
cells [355, 356]. Baicalein shows promise as well by inhib-
iting EMT, possibly through downregulation of SATB1
and the Wnt/B-catenin pathway. Moreover, flavonoids, a
class of natural polyphenolic compounds, can exert pre-
ventive and anticancer effects on CRC by modulating the
Wnt signaling pathway [210].
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Other potential compounds

Many drugs that have been approved by the FDA have
expanded their indications leveraging their ability to
interfere with the Wnt/B-catenin signaling pathway.
Pyrvinium, an antiparasitic agent, effectively inhibits
this pathway by activating CKla. Niclosamide hinder
canonical Wnt signaling through targeting components
like DVL2 and LRP6 for degradation,while salinomycin
specifically targets LRP6. Celecoxib promotes [-catenin
degradation and induces TCF7 degradation by inhibiting
prostaglandin E2 synthesisand cyclooxygenase activity
of cyclooxygenase 2. Notably, chloroquine is an FDA-
approved drug commonly utilized for treating tapeworm
infection and stands out due to its mechanism involving
internalization of the FZD1 receptor, reduction in DVL2
protein levels, and targeting of LRP6 to impede tumor
proliferation, stemness, and metastasis [356, 357]. Piper-
azine, an anthelmintic agent, has been shown to inhibit
the Wnt/B-catenin pathway through activation of CKla
or Gsk3p. Non-steroidal anti-inflammatory drugs have
also been found to block cancer signaling pathways by
inhibiting the activation of Wnt/p-catenin and reducing
expression of its target genes via inhibition of -catenin-
mediated transcription [355]. Additionally, Cyclopamine
has demonstrated anticancer activity through mediation
of Wnt/p-catenin protein signaling transduction, result-
ing in inhibition of cell proliferation, induction of apop-
tosis, suppression of cell migration and invasion as well
as angiogenesis and lymphangiogenesis.

Prospects

With an increasing number of studies conducted on the
Wnt/B-catenin signaling pathway, its pivotal role in car-
cinogenesis has gained universal recognition. Due to its
intricately and delicately regulated nature, a multitude of
regulators targeting the Wnt/p-catenin signaling pathway
have been discovered, significantly advancing the devel-
opment of therapeutic interventions. There are various
approaches to Wnt/B-catenin targeted therapy. With
the ongoing development of targeted drugs, preclini-
cal research and clinical trials for intervening in Wnt/
B-catenin signaling in malignant tumors have shown
promising results, making them potential candidate
drugs for personalized cancer treatment.

Nevertheless, despite numerous inhibitors for the
activity of P-catenin have been identified, the majority
have not achieved success in clinical practice. This sug-
gests that targeting B-catenin still poses significant chal-
lenges in the context of cancer treatment. Firstly, due to
the important role of the signaling pathway in normal
cells, side effects may occur during the inhibitor treat-
ment. As mentioned earlier, the Wnt/B-catenin signal-
ing pathway plays a critical role in stem cell renewal
and homeostasis, and targeted therapy may disrupt its
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normal function. Therefore, the clinical application of
these therapies is limited [358, 359]. Moreover, long-term
use of these drugs may lead to the progression of chronic
diseases, such as chronic obstructive pulmonary disease.
Meanwhile, tumor genesis is a complicated process that
involves mutations and crosstalk between various signal-
ing pathways. The understanding of the Wnt/p-catenin
signaling pathway is still incomplete, and there are still
many unknown mechanisms and regulatory factors.
Therefore, it is necessary to comprehensively understand
the specific role of Wnt/B-catenin in the occurrence and
progression of diseases, to use these targeted drugs accu-
rately and safely, ensuring their optimal application in
clinical practice, and maximizing their therapeutic effi-
cacy to benefit more patients.

Conclusion

The Wnt/p-catenin signaling pathway plays a signifi-
cant role in carcinogenesis through Wnt tumor sup-
pressor mutations, epigenetic modifications such as
DNA methylation and lysine acetylation, regulations of
noncoding RNAs, and crosstalks with other signaling
pathways. Therapies targeting the Wnt/p-catenin signal-
ing pathway, such as SMIs, mAbs and natural bioactive
compounds, have been extensively researched and uti-
lized in clinical and preclinical studies. Nonetheless, it
is important to note that blocking this pathway can dis-
rupt tissue homeostasis and renewal, potentially leading
to severe adverse events. Therefore, achieving a delicate
balance between anti-tumor efficacy and minimizing
adverse effects has become a crucial topic in current
clinical trials. Additionally, the precise establishment of
the signaling model is essential for further advancements
in understanding this complex pathway. Despite these
concerns, given the multitude of regulators involved
and ongoing discoveries of novel components within the
Wnt/B-catenin signaling pathway, it is highly likely that
more effective therapies will be developed to enhance the
prognosis of tumor patients.

Abbreviations

APC Adenomatous polyposis coli
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