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Abstract. Colorectal cancer (CRC) is one of the most
common malignant tumor types occurring in the digestive
system. The incidence of CRC has exhibits yearly increases
and the mortality rate among patients with CRC is high. The
Wnt/B-catenin signaling pathway, which is associated with
carcinogenesis, is abnormally activated in CRC. Most patients
with CRC have adenomatous polyposis coli mutations, while
half of the remaining patients have 3-catenin gene mutations.
Therefore, targeting the Wnt/p3-catenin signaling pathway for
the treatment of CRC is of clinical value. In recent years, with
in-depth research on the Wnt/p3-catenin signaling pathway,
inhibitors have been developed that are able to suppress or
hinder the development and progression of CRC. In the present
review, the role of the Wnt/B-catenin signaling pathway in CRC
is summarized, the research status on Wnt/B-catenin pathway
inhibitors is outlined and potential targets for inhibition of this
pathway are presented.
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1. Introduction

As the fourth most common malignant cancer type world-
wide, colorectal cancer (CRC) is the second leading cause of
cancer-related death. Its high morbidity and mortality rates
indicate that this disease has a serious impact on human
health, with the third (10%) and second (9.4%) highest
morbidity and mortality rates, respectively, for all tumors
globally in 2020 (1,2). In the past, CRC was mainly treated
by surgery, chemotherapy and radiotherapy, but recurrence
and distant metastasis after treatment remain challenges in
the treatment of CRC (3.,4). It has been demonstrated that
the Wnt/B-catenin signaling pathway has an important role
in the development, progression, metastasis and recurrence
of CRC (5-7). In most patients with CRC, the Wnt/B-catenin
signaling pathway has abnormal levels of activation (8) and
blocking the Wnt/pB-catenin signaling pathway may inhibit
the development, progression, invasion and metastasis of
CRC. The development of therapeutic drugs that target the
Wnt/f-catenin signaling pathway is of current interest in the
research community. Therefore, the Wnt/B-catenin signaling
pathway is expected to become a target for the treatment of
CRC.

2. Current status of CRC treatments

The development and procession of CRC are complex
processes that are related to several individual factors,
including lifestyle, environmental factors and genetics, but
the exact mechanism remains to be fully elucidated, while a
previous study has indicated that individuals with adenomas
have a higher risk of developing CRC (9). Among the different
risk factors, heredity is an independent risk factor for CRC
and patients without a family history only occasionally
develop CRC. Although several CRC-related genetic factors
remain elusive, mutations in genes associated with CRC (such
as single nucleotide polymorphisms) have been successfully
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identified (10). Thus, more in-depth studies are required to
confirm the genetic mechanisms of CRC. Of note, due to the
insidious early symptoms of CRC, at the time of diagnosis,
half of the patients have already progressed to the advanced
stage of the disease. The prognosis of patients is poor and the
5-year overall survival (OS) rate is <15% (11,12).

In recent years, with progress in the related fields of
immunology and oncology, members of the T-cell regulator
CD28 superfamily, including programmed cell death protein-1
(PD-1), programmed cell death ligand-1 (PD-L1) and their
inhibitors, represent new targets in strategies for anti-CRC
therapy (13). Compared with traditional therapy, such as
chemotherapy and radiotherapy alone, PD-1/PD-LI inhibitors
significantly shorten the time to remission and there is a lower
rate of adverse events following treatment (3,14). However,
patients with tumors that display microsatellite stability and
a low proficiency of mismatch repair, which includes the vast
majority of patients with advanced CRC, do not exhibit any
signs of obvious remission, and most do not respond to immu-
notherapy (15,16). Therefore, research on the Wnt pathway is
of practical significance and value, particularly in light of the
current status of therapeutic treatments.

3. Overview of the Wnt signaling pathway

It has been demonstrated that the Wnt signaling pathway, the
transforming growth factor-f (TGF-f) signaling pathway and
the Hedgehog signaling pathway all have a role in colorectal
tumors (17,18). Among them, the Wnt signal transduction
pathway, which leads to tumor invasion, recurrence and metas-
tasis, is abnormally activated in most patients with CRC and
it has an important role in the development and progression of
CRC (19).

The Wnt protein family is involved in numerous cellular
functions and comprises 19 secreted glycoproteins, which
may transmit extracellular signals intracellularly through
cell surface receptors; therefore, these proteins participate
in a wide variety of biological processes, such as embryonic
development and organ formation, cell proliferation, cell
differentiation and stem cell self-renewal (20,21). The Wnt
signaling pathway may be generally divided into the following
two categories: The -catenin-dependent canonical pathway
and the B-catenin-independent noncanonical pathway (22).

Wnt/B-catenin canonical signaling pathway. The
Wnt/f3-catenin signaling pathway is the classical pathway of
Whnt signaling and its abnormal activation may lead to the
development, progression, invasion, metastasis and recurrence
of different types of tumor, including CRC, in humans (8).
The key mechanism underlying the Wnt-induced promotion
of tumor-cell proliferation and neoplasia is [3-catenin protein
stabilization and nuclear translocation, which is mediated by
Wnt.

In the absence of Wnt activation, the destruction complex
composed of glycogen synthase kinase 3-p (GSK-3p), casein
kinase la (CKla), adenomatous polyposis coli (APC) and
Axin may enhance the ubiquitination of B-catenin through
regulation of the fB-transducin-repeat-containing protein,
which mediates ubiquitin ligase E3 and eventually leads
to the absorption and degradation of B-catenin in the

cytoplasm (23). In the case of Wnt activation, Wnt binds to the
transmembrane Frizzled (FZD) receptor and the low-density
lipoprotein receptor-related protein (LRP)5 and LRP6 corecep-
tors to trigger the dissociation of GSK-3f3 from the destruction
complex. At the same time, Dishevelled (DVL) and Axin
accumulate in the cell membrane, inhibiting the formation
of the destruction complex (24,25). Based on this, 3-catenin
cannot be degraded and tends to be stabilized, accumulate
in the cytoplasm and translocate to the nucleus to bind to the
T-cell factor/lymphoid enhancer-binding factor (TCF/LEF)
family of transcription factors and coactivators. This binding
induces the transcription of genes important for Wnt final
activity, including c-Myc, survivin, c-Jun, cyclin D1 and
Whtl-inducible-signaling pathway protein 1 (Wispl), which
leads to the development and progression of CRC (7,20). The
specific mechanism is as follows: Proto-oncogenes, such as
c-Jun, cyclin DI and c-Myc, promote cell proliferation, differ-
entiation and maturation and eventually lead to tumorigenesis.
While survivin is a new member of the apoptosis suppressor
protein family, it is specifically expressed only in tumor and
embryonic tissues, and it promotes tumor cell differentiation,
proliferation, infiltration and metastasis. Wispl inhibits the
caspase cascade reaction and suppresses apoptosis, thereby
inducing tumorigenesis.

Noncanonical signaling pathway. The main noncanonical
Whnt signaling pathways are the Wnt/Ca** (7) and Wnt/planar
cell polarity (PCP) signaling pathways (26). After Wnt binds
to FZD receptors and tyrosine kinase-like coreceptors, DVL
aggregates on the cell membrane and initiates the Wnt/Ca**
and Wnt/PCP signaling pathways, respectively. In the PCP
signaling pathway, DVL activates disheveled-associated
activator of morphogenesis 1 (DAAMI), DAAMI1 dissoci-
ates RhoA and RhoA activates Rho-associated kinase, which
affects the formation of the cytoskeleton. On the other hand,
DVL activates Ras-related C3 botulinum toxin substrate (Rac)
and Rac may activate c-Jun N-terminal kinase, which ulti-
mately affects gene transcription (27). However, the Wnt/Ca**
signaling pathway mainly relies on the activation of phospho-
lipase C, which promotes the generation of calcium ions and
ultimately affects DNA transcription.

Of note, Wnt binding to FZD-activated DVL causes
calcium to be released from the endoplasmic reticulum and
activates calcium-binding proteins, including protein kinase
C and calcium/calmodulin-dependent protein kinase II, which
enhances the phosphorylation of TCF/LEF (27-29). This phos-
phorylation blocks the canonical Wnt pathway and inhibits the
expression of its downstream target genes, which suppresses
the development of colorectal tumors (27-29). There is also a
clear interaction between the canonical and noncanonical Wnt
pathways, wherein the noncanonical pathway may reduce the
occurrence of colorectal tumors by blocking the canonical
pathway (7,26-29).

4. Role of the Wnt/p-catenin signaling pathway in the
development and progression of CRC

The maintenance of normal intestinal function and stem-cell
homeostasis requires normal activation of Wnt signaling. It
has been verified that inhibition of the Wnt/p3-catenin signaling
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pathway may lead to a lack of intestinal stem cells (30), whereas
the number of intestinal stem cells increases at the bottom of
intestinal crypts (31), where the activity of the Wnt/f3-catenin
signaling pathway is highest (32,33). These findings indicate
that Wnt/B-catenin signaling has a critical role in the main-
tenance and self-renewal of intestinal stem cells, particularly
epithelial stem cells at the base of intestinal crypts (34,35).

It has been indicated that abnormal activation of the
Wnt/B-catenin signaling pathway is a cause of CRC devel-
opment and progression, and most patients with CRC have
mutations in this pathway (19). Abnormal activation of the
Whnt/f-catenin pathway may lead to accumulation of the
[-catenin protein in the nucleus, causing massive cell prolif-
eration (7,36,37). Initially, this leads to the formation of
adenomas, but with the accumulation of several mutations,
adenomas eventually develop into CRC (7,36). In patients with
sporadic CRC, a (-catenin mutation may be found in 10%
of patients, while the rate of mutation in the APC gene is up
to 80% in patients (7,37). The absorption and degradation of
[-catenin is suppressed in patients that have an APC muta-
tion (7,37,38). This suppression causes further accumulation of
[-catenin in the cytoplasm and an increase in the amount of it
translocating into the nucleus, both of which contribute to the
progression of CRC (7,36,37). In addition, the Wnt/p-catenin
signaling pathway may induce tumor resistance and targeted
inhibition of the Wnt/f-catenin pathway in digestive tract
tumors may enhance the tumors' sensitivity to chemothera-
peutic drugs (39,40). Wnt/f-catenin signaling may also induce
epithelial-mesenchymal transition (EMT), which has a vital
role in the physiological processes of intestinal and CRC
stem cells (41,42). More importantly, abnormal activation
of the Wnt/p-catenin signaling pathway and accumulation
of B-catenin has been confirmed in >80% of patients with
CRC (43). Therefore, inhibiting Wnt/p-catenin signaling and
the accumulation of B-catenin in the nucleus may inhibit the
development, progression, invasion, metastasis and recurrence
of CRC. Overall, the Wnt/B-catenin signaling pathway may
become an effective target for CRC treatment and studies
investigating how to inhibit this pathway are of practical and
clinical significance.

5. Advances in anti-colorectal tumor therapy targeting the
canonical Wnt signaling pathway

Studies investigating the targeting of the Wnt signaling
pathway and blocking its signal transduction have indicated
that this pathway may stabilize the formation of the destruction
complex, promote the degradation of f-catenin and interfere
with [3-catenin-dependent transcription factors, all of which
hinder the development, progression, invasion, metastasis
and recurrence of colorectal tumors (44). Research aimed at
inhibiting the Wnt/p-catenin signaling pathway may provide
treatments that benefit patients with CRC by improving their
quality of life and prolonging their survival time. Inhibitors of
the Wnt/B-catenin signaling pathway that have been discov-
ered in previous years are summarized below and are outlined
in Table I and Fig. 1.

Inhibitors of the f3-catenin-TCF complex. The TCF/LEF family
is a group of transcription factors that bind DNA through

INTERNATIONAL JOURNAL OF ONCOLOGY 62: 24, 2023 3

high mobility group motifs, and they recruit the coactivator
[(-catenin protein to enhance the expression of the genetic
elements they target. The typical Wnt signaling pathway is
activated by a combination of -catenin and TCF/LEF tran-
scription factors, which then activates target genes that are
downstream of the Wnt pathway, such as cyclin D1 and c-Myc
and other proto-oncogenes, leading to cell proliferation and
mediating the development and progression of tumors (20).
Therefore, inhibiting the formation of the f-catenin-TCF/LEF
complex may interrupt the expression of downstream target
genes and block the formation, invasion and metastasis of
colorectal tumors.

PKF115-584, PKFI118-310 and CWP232228.
Paluszczak er al (45) indicated that the compounds
PKF115-584 (perylene; carbonic acid derivative) and
PKF118-310 (toxoflavin) may effectively inhibit the forma-
tion of the B-catenin-TCF complex, further inhibiting the
proliferation of CRC cells and thereby exerting antitumor
effects. In addition, previous studies demonstrated that the
compound PKF115-584 inhibited the proliferation of CRC
cells in a dose-dependent manner, as did the compound
CGP049090 (cercosporin), and the two were also able
to interfere with the interaction between B-catenin and
APC (46-48). CWP232228, as a highly selective inhibitor
of the Wnt/fB-catenin signaling pathway, antagonizes
B-catenin and TCF binding in the nucleus. Kim et al (49)
confirmed that CWP232228 treatment had a dose-dependent
cytotoxic effect in HCT-116 human colon cancer cells and
blocked the growth of mouse xenogeneic colon cancer cells.
Furthermore, CWP232228 was reported to interrupt the
growth of bulk breast cancer stem cells (CSCs) in patients
with breast cancer (50) and suppress the self-renewal capa-
bility of liver CSCs and reduce tumorigenicity in vitro and
in vivo (51).

The Ras gene has a critical role in the development and
progression of tumors in humans. Clinically, the Kirsten
rat sarcoma viral oncogene (KRAS) mutation is the most
common mutation of the Ras gene and patients with a KRAS
mutation have unfavorable prognosis and a higher level of
tumor invasion and metastasis (52). Approximately half of the
patients with colon cancer express the KRAS mutation, and
in CRC cells expressing activated KRAS, the Wnt/B-catenin
signaling pathway is activated (53). Furthermore, KRAS
mutation disrupts the negative feedback mechanism of its
target microRNA (miR)-139-5p and Wnt signaling, resulting
in downregulation of the tumor suppressor miR-139-5p and
promotion of tumor growth (54). Hence, the simultaneous
downregulation of f-catenin and KRAS is key to blocking
the development and progression of CRC. Mologni et al (55)
indicated that the combination of PKF115-584 and the KRAS
inhibitor S-trans was superior to any monotherapy in arresting
cell growth, causing cell death and downregulating c-Myc and
survivin.

2,4-diamino-quinazoline (2,4-DAQ) and
dehydroxyhispolon methyl ether (DHME). Studies including
that by Chen et al (56) indicated that 2,4-DAQ deriva-
tives are potent inhibitors of B-catenin-TCF/LEF-mediated
transcription and proliferation in CRC cells and xenograft
models (56,57). Further research indicated that 2,4-DAQ is
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Figure 1. Schematic illustration of the Wnt/B-catenin signaling pathway. Inactive: In cells where the Wnt signaling pathway is inactive, $-catenin is degraded
by the proteasome and cannot enter the nucleus. Active: In the presence of Wnt ligands, disruption of complex dissociation leads to f3-catenin accumulation
in the nucleus and activation of transcription by binding to TCF/LEF. This binding causes transcription of Wnt downstream target genes, including c-Myc,
survivin, cyclin D1, etc., which promotes cell proliferation, differentiation and maturation, leading to CRC development. Porcupine inhibitors such as LGK974
can suppress palmitoylation of Wnt proteins and block Wnt signaling. OMP-18R5 and others can block Wnt/f-catenin signaling by binding to Frizzled.
NVP-TNKS656, Genistein and SR3029 can act on Axin, GSK3 and CK1, respectively, to stabilize the ‘damage complex’ and promote the degradation of
B-catenin, thus blocking Wnt signaling. Compounds such as curcumin can inhibit Wnt signaling by directly acting on (3-catenin and increasing 3-catenin
degradation, thus blocking Wnt signaling. PKF118-310 and others can effectively inhibit the formation of f-catenin-TCF complex, and suppress the activation
of Wnt downstream target genes, and thus, inhibit the development of CRC. LRP, low density lipoprotein receptor-related protein; CK1, casein kinase 1; APC,
adenomatous polyposis coli; DVL, dishevelled; CBP, cAMP response element-binding protein; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor.

able to reduce the expression of the f-catenin target genes
c-Myc, Axin2 and LGRS, and inhibit the proliferation and
viability of CSCs. More importantly, 2,4-DAQ may reduce the
migratory and invasive activities of tumor cells, suppress the
growth of xenograft tumors and reduce the final tumor weights
with few side effects and low drug toxicity (58).

DHME, a chemically synthesized derivative of the fungal
polyphenol hispolon has been indicated to block signaling of
the Wnt canonical pathway by inhibiting the transcriptional
activity of the f-catenin/TCF complex. It exhibits strong apop-
tosis-inducing activity and has a significant role in blocking
the development and progression of CRC (59).

PNU-74654, GB1874 and inhibitor of b-catenin and
TCF (ICAT). PNU-74654 is a small molecule that disrupts
Wnt pathway signaling by suppressing the interaction
between B-catenin and TCF4. Of note, Wu et al (60) found
that pleomorphic adenoma gene like-2 (PLAGL2) has a role
in promoting CRC cells by upregulating and stabilizing the
level of B-catenin and promoting the translocation of 3-catenin
into the nucleus, and as PNU-74654 blocks PLAGL2 activity
in CRC cells, it further prevents the development, progres-
sion and metastasis of CRC. GB1874 blocks Wnt signaling
by targeting the f-catenin-TCF4 protein-protein interaction,
thereby inhibiting xenograft tumor growth in vivo and CRC
stem cell proliferation in vitro (61).

ICAT was found to be a polypeptide that downregulates
the expression of genes that are targeted by the Wnt pathway,
such as cyclin D1 and Myc, by blocking the p-catenin-TCF
interaction, which significantly reduces the growth of CRC
cells and tumor formation (62). Furthermore, patients with
CRC and high ICAT levels have a favorable prognosis. The
study provides a scientific basis for treatment based on ICAT
and opens a new avenue for their use in patients with CRC.

NCB-0846 and LF3. Traf2 and Nck-interacting
protein kinase (TNIK) is an important component of
the p-catenin/TCF-4 transcription complex, which is
crucial for the development and progression of CRC (63).
Downregulation of TNIK reduces the transcriptional activity
of the B-catenin/TCF-4 complex, thereby inhibiting the
growth of CRC and xenograft tumor cells (64). The TNIK
inhibitor NCB-0846 reduced the expression of Wnt target
genes and inhibited the development of colorectal tumors
and the stemness of CRC cells. Furthermore, NCB-0846
also inhibited oncogenic proteins, such as FMS-like tyrosine
kinase 3, platelet-derived growth factor-a and cyclin-depen-
dent kinase 2/cyclin A2 (64). Of note, NCB-0846 inhibited
lung cancer metastasis by downregulating the expression
of TGF-p receptor type-I and blocking the TGF- pathway
and the SMAD signaling pathway (65,66). Of note, it has
been indicated that in patients with CRC carrying a KRAS
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mutation, the expression of the antiapoptotic protein BCL-XL
is increased, and the BCL-XL inhibitor ABT-263 synergized
with NCB-0846 to induce cell death and inhibit tumor cell
proliferation (67).

LF3, a novel inhibitor of the (-catenin and TCF4 inter-
action, blocks the self-renewal capacity of CSCs (68). LF3
significantly inhibits tumor cell hypermobility and progres-
sion of the cell cycle. Its inhibitory effect on tumor cells is
dose-dependent and it has a certain therapeutic effect in
‘Wnt/(3-catenin-dependent cancers (69).

Nonsteroidal anti-inflammatory drugs (NSAIDs).
NSAIDs may reduce the transcriptional activity of the
p-catenin-TCF/LEF complex and inhibit the classic
Wnt/p-catenin signaling pathway (70). Previous studies have
confirmed that after treatment with diclofenac, celecoxib
and sulindac, the degradation of intracellular f-catenin was
increased, B-catenin translocation to the nucleus was reduced,
and the expression of Wnt target genes, such as Axin2, cyclin
D1 and c-Myc, was also reduced (71,72), thus suppressing
the proliferation of tumor cells and inducing their apoptosis.
Egashira et al (73) found that 2,5-dimethyl celecoxib, an
analog of celecoxib, reduced the expression of Wnt target genes
and further exhibited a significant antitumor effect. More
importantly, repeated use of 2,5-dimethyl celecoxib was able
to significantly reduce the size and number of tumors without
any drug toxicity, suggesting that 2,5-dimethyl celecoxib is a
new potential anticancer treatment. Of note, the combination
of an NSAID (sulindac) and rexinoid (bexarotene) resulted
in a durable amelioration of familial adenomatous polyposis,
thereby preventing the development of CRC (74). Furthermore,
a clinical trial is currently investigating the role of aspirin as
an adjunctive drug for the prevention of postoperative CRC
recurrence and metastasis (NCT02607072).

Wu et al (75) indicated the presence of positive feedback
between cyclooxygenase 2 (Cox-2)/prostaglandin E2 (PGE2)
and the Wnt pathway, namely Cox-2 promotes the proliferation
and self-renewal of CSCs through PGE2, thereby activating
the Wnt pathway. However, NSAIDs may inhibit the activity
of Cox-2, interfere with the positive feedback between
Cox-2/PGE2 and the Wnt pathway and restrict the develop-
ment and progression of tumors. However, the incidence of
adverse events associated with traditional NSAID treatment is
high and due to their extent, they may even affect the quality
of life of patients. Therefore, to reduce the adverse effects of
NSAIDs, the lowest effective dose should be used and the dura-
tion of treatment should be limited. Furthermore, the choice of
drug type and dose should be individualized and the patient's
underlying conditions should be fully considered. For instance,
attention should be paid to the dual cardiovascular and gastro-
intestinal risks in elderly patients. Selective Cox-2 inhibitors
should be used in patients with gastrointestinal risk factors,
and enteric tablet slow release reduces the direct damage to the
gastric mucosa as the drug passes through the gastrointestinal
tract. NSAIDs should be used with caution if the patient is at
risk of adverse cardiovascular events and the concomitant use
of two or more NSAIDs should be avoided (76-78).

Wnt ligands and receptor inhibitors
OMP-18R5 and OMP-54F28. Wnt ligands bind to corre-
sponding receptors, such as FZD receptors and LRP5 and

LRP6 coreceptors, thereby initiating Wnt/f-catenin signaling
and allowing B-catenin to accumulate in the cytoplasm, trans-
locate into the nucleus and activate downstream target genes
to induce tumor growth (79). OMP-18R5 (vantictumab) is a
monoclonal antibody that binds to members of the FZD family
and inhibits the cascade of tumorigenesis and progression by
blocking Wnt/p-catenin signaling (80). It has been indicated
that OMP-18RS5 significantly inhibited the growth of CRC cells
and xenograft tumors, and OMP-18R5 synergized with irino-
tecan (80). In other tumor models, such as those of pancreatic
cancer and gastric cancer, OMP-18R5 inhibited the growth
of tumor tissue (81,82). It is worth noting that in a phase Ib
clinical trial of OMP-18R5 for breast cancer, although there
was a good response rate, the common occurrence of fractures
limited its development in the clinic (83).

OMP-54F28 (ipafricept) is a fusion protein of FZD8 and
immunoglobulins, and inhibits Wnt signaling by competing
with FZD8 receptors for ligands (84). In addition, OMP-54F28
has been indicated to inhibit tumor cell proliferation to
a greater extent when combined with chemotherapeutic
drugs, such as gemcitabine, as compared with its use as a
monotherapy (84). A phase I study in patients with advanced
solid tumors suggested that OMP-54F28 prolonged survival
in both patients with desmoid and germ cell carcinoma;
furthermore, the patients remained stable and the drug was
well tolerated (85). In a phase Ib clinical trial of OMP-54F28
combined with paclitaxel and gemcitabine for the treatment
of metastatic pancreatic cancer, the rate of patients who had a
clinical benefit was 81%, with 12 cases of complete response
(46.2%) and 9 cases of partial response (34.6%). The median
progression-free survival (PFS) was 5.9 months and the median
OS was 9.7 months (86). In a clinical trial of OMP-54F28
combined with paclitaxel and carboplatin for ovarian cancer,
the overall response rate was 75.7%, PFS was 10.3 months and
OS was 33 months (87). The above studies confirmed the effec-
tiveness of OMP-54F28-mediated inhibition of tumor growth,
invasion and metastasis. In addition, Le er al (88) reported
that OMP-18R5 and OMP-54F28 significantly inhibited the
growth of xenograft tumors and blocked Wnt signaling at the
tumor epithelial-stromal boundary. It was evident that both
OMP-18R5 and OMP-54F28 inhibit tumor growth; however,
the associated risk of fractures should be noted. However, the
addition of bone protectants, such as alendronate, may reduce
bone toxicity and bone loss after Wnt ligand and receptor
inhibitor therapy (89).

Porcupine (PPN) inhibitors LGK974, IWP, Wnt-C59
and ETC-159. The secretion of Wnt proteins requires palmi-
toylation. Palmitoylation is the attachment of the 16-carbon
saturated fatty acid palmitate as a lipid donor to one or
more cysteine residues in a protein to correctly guide signal
transduction between targets and enhance the efficiency and
specificity of signal transmission (90). PPN protein, a member
of the membrane-bound O acyltransferase family that is
located in the endoplasmic reticulum, is a multiple transmem-
brane protein that is required for the palmitoylation of Wnt
proteins (91,92). Therefore, targeted inhibition of the PPN
protein may effectively block excessive activation of the Wnt
signaling pathway.

LGK974 is a PPN inhibitor that mitigates Wnt palmitate
transferase activity to block Wnt signaling. Bagheri er al (93)
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demonstrated that combinations of LGK974 and aspirin
may lead to cell cycle arrest of CRC cell lines and induce
apoptosis. /n vivo studies have demonstrated that LGK974
inhibits tumor-cell invasion, metastasis and xenograft tumor
growth (94-97). Of note, a recent study reported that the
chemotherapeutic drug 5-fluorouracil (5-FU) increases both
the translation and transcription of the sequence-specific tran-
scription factor p53, which may promote Wnt3 transcription
and activate the Wnt/B-catenin signaling pathway, ultimately
leading to the recurrence of CRC (98). When combining
LGK974 with 5-FU for the treatment of CRC, 5-FU-induced
CSC activation was significantly inhibited and the rate of
tumor recurrence was significantly decreased, indicating that
the combination of Wnt inhibitors with 5-FU may improve the
therapeutic effects of treatment compared with chemotherapy
alone (98).

In other types of cancer, LGK974 complexed with cyclo-
dextrin may synergistically decrease the expression of Wnt
target genes in lung cancer organoids and transplants, reduce
the enterotoxicity of the drug and improve the safety of drug
therapy (99). In the treatment of neuroendocrine tumors,
LGK974 reduced cell viability by causing cell cycle arrest in
the G, and G,/M phases (100). In glioblastoma and ovarian
cancer, LGK974 exhibited synergistic effects when combined
with chemotherapeutic agents (101,102). LGK974 also inhib-
ited the growth of prostate cancer xenografts (103). Of note, a
previous preclinical study confirmed that LGK974 had a strong
inhibitory effect onring finger protein (RNF)43-mutated cancer
cells (104), while ~18% of patients with CRC have RNF43
mutations (105). A recent phase I clinical trial confirmed the
safety and efficacy of LGK974 for the treatment of advanced
solid tumors; of note, the study found that LGK974 enhances
the activity of immune checkpoint inhibitors but may affect
immune-cell recruitment in tumors (106).

IWP is a PPN inhibitor that may inhibit the palmitoylation
of Wnt3A. In addition, IWP may suppress the phosphoryla-
tion of LRP5/6 and DVL2 and stabilize the Axin2 destruction
complex to block Wnt signaling. Mo et al (107) verified the
therapeutic effect of IWP in gastric cancer cells. The results
indicated that IWP decreased the invasion and metastasis
ability of MKN28 cells. Wnt-C59 is also a PPN protein that
blocks the acylation of Wnt by inhibiting the coprecipitation of
Wnt3A and the carrier protein Wntless, thereby blocking the
activation of Wnt signaling (108,109). Studies including that by
Boulter et al (110) have indicated that Wnt-C59 has an impor-
tant role in inhibiting tumor cell proliferation and promoting
tumor cell apoptosis (110,111). Furthermore, Zhang et al (112)
confirmed that Wnt-C59 may block EMT and suppress the
growth of xenograft tumors. Of note, Wnt-C59 also exerts
anti-inflammatory effects by blocking the interaction of
[-catenin with nuclear factor kB (NF-«xB) (113,114). NF-xB has
a vital role in the development, angiogenesis and metastasis of
cancer and is closely related to the development of resistance
to anticancer drugs. Hence, there is potential clinical value in
performing further clinical trials on Wnt-C59.

ETC-159 is a novel oral PNN inhibitor that may block the
secretion and activity of all Wnts. In addition, xenotransplan-
tation in patients with CRC with R-spondin translocation was
markedly inhibited (115). Zhong et al (116) confirmed that
the combined use of ETC-159 and the pan-PI3K inhibitor
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GDC-0941 markedly suppressed the growth of RNF43-mutant
xenografts in vivo by downregulating cell proliferation and
glucose metabolism. More importantly, Kaur et al (117)
found that the combination treatment of ETC-159 with the
poly(ADP-ribose) polymerase (PARP) inhibitor olaparib
resulted in the inhibition of tumor-selective DNA repair
pathways.

Tankyrase (TNKS) small molecule inhibitors. TNKS, a PARP
that promotes the degradation of destruction complexes
through the ubiquitin-proteasome pathway, is key to increasing
the breakdown of Axin, which leads to the activation of the Wnt
signaling pathway. Of note, suppression of TNKS increased
the stability of Axin, decreased the degradation of the destruc-
tion complex and decreased the cytoplasmic accumulation and
translocation of -catenin into the nucleus, thereby blocking
the activation of the Wnt/p-catenin signaling pathway (118).

NVP-TNKS656 and NVP-XAV939. Both NVP-TNKS656 and
NVP-XAV939 are TNKS inhibitors, of which NVP-TNKS656
selectively inhibits TNKS2. Both are able to stabilize Axin,
lessen the accumulation of B-catenin in the cytoplasm and
block the activation of Wnt signaling (119,120). Previous
studies have reported that NVP-TNKS656 and NVP-XAV939
may inhibit the growth of colorectal tumors to a greater extent
than other drugs (120). In a study in which NVP-XAV939
was combined with 5-FU/cisplatin (DDP)-treated SW480
and SW620 colon cancer cells, Axin levels increased, cyto-
plasmic and nuclear (3-catenin levels decreased and SW480
cell apoptosis induced by 5-FU/DDP increased (121). Of note,
Yu et al (122) reported that knockdown of caudal-related
homeobox transcription factor 2 (CDX?2) in colon cancer cells
promoted cell proliferation and tumor formation in vivo, while
X AV9309 significantly inhibited colon cancer cell proliferation
and tumor formation after CDX2 knockdown. In addition,
XAV939 inhibited the expression of [-catenin, cyclin DI
and c-Myc induced by overexpression of ubiquitin-specific
protease 6 N-terminal-like protein, thereby slowing colon
tumor progression (123). More importantly, XAV939 also
reversed the inhibition of Axin expression and the activation
of B-catenin caused by prohibitin 1 (PHBI) deficiency (124).
PHBI is an important regulator of gene transcription and may
block the Wnt/f3-catenin signaling pathway and the formation
of intestinal tumors. In addition, XAV939 may also reduce
the degree of drug resistance in chemotherapy-resistant colon
tumor cells (125,126) and overcome the resistance to 5-FU
observed in CRC cells carrying a short truncating APC muta-
tion (127), which is expected to be a therapeutic strategy for
chemotherapy-resistant CRC.

IWRs. IWR is a TNKS inhibitor that is able to impair
the self-renewal capacity of CSCs. A study investigating the
tumor-suppressive effect of IWR-1 combined with doxo-
rubicin indicated that in vitro, IWR-1 and doxorubicin have
synergistic effects and reverse the drug resistance of tumor
stem cells; in vivo, IWR-1 synergistically inhibits tumor-cell
proliferation with doxorubicin and considerably slows tumor
progression (128). A study by Cheng et al (129) confirmed that
Numb is related to EMT and its knockdown promoted EMT
through the Wnt signaling pathway, thereby accelerating the
formation of colon tumors; furthermore, IWR-1 attenuated
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EMT caused by Numb knockdown to inhibit the development
and progression of colon tumors (129). Of note, it was recently
indicated that the TNKS inhibitor bis-quinazolinone 5/Cpd
5 is superior to IWR-1 based on its inhibitory activity and
stability, providing a new basis for the development of TNKS
inhibitors (130).

G007-LK and G244-LM. GOO7-LK and G244-LM are
also TNKS inhibitors. Studies have confirmed that GOO7-LK
and G244-LM are able to completely block Wnt/f-catenin
signaling and inhibit the growth of colorectal tumors caused by
APC mutations. Their key mechanism is to block the cell cycle
and reduce colony formation (131,132). In addition, GO07-LK is
well tolerated and inhibits Wnt signaling and the proliferation
of LGR5™" intestinal stem cells, which hinders the formation
of intestinal tumors (133). Furthermore, in glioblastoma,
GO007-LK decreased the expression of Wnt/B-catenin signaling
pathway-related proteins and genes in CSCs, suppressing cell
proliferation and tumor formation (134). Of note, GO07-LK
may also block Wnt/B-catenin signaling in melanoma cells
and increase their sensitivity to anti-PD-1 immunotherapy,
and when used in combination with immunotherapy, it has a
synergistic effect that is dependent on the absence of -catenin
in tumor cells (135). A study on GO0O7-LK combined with
PI3K (BKM120) and EGFR (erlotinib) inhibitors indicated
that this combination synergistically suppressed tumor growth
in patients with CRC, implying that combinations of TNKS
inhibitors with PI3K and EGFR inhibitors may expand the
treatment options for CRC (136), which warrants additional
in-depth studies.

Other TNKS small molecule inhibitors. The TNKS inhibi-
tors JW55,JW67 and JW74 (136) block Wnt pathway signaling
and promote the degradation of B-catenin, further decreasing
the expression of Wnt target genes, inducing apoptosis and
inhibiting tumor cell growth in a dose- and time-dependent
manner (108,137).

Natural compounds targeting the Wnt signaling pathway.
Numerous natural compounds have been proven to block
the Wnt/p-catenin signaling pathway by acting on different
targets, further changing the pathology of CRC and effectively
preventing and treating CRC.

Curcumin. Curcumin is a natural compound derived from the
rhizome of turmeric. In recent years, it has been indicated that
curcumin inhibits the proliferation of various types of cancer
cells, and its key mechanism relies on blocking the Wnt signal
transduction pathway. Previous studies have demonstrated that
curcumin promotes the stalling of p53- and p21-independent
cells in the G,/M phase and induces apoptosis in HCT-116 colon
cancer cells (138-140). In addition, the curcumin-mediated
reduction of cell proliferation and increase of apoptosis may
also be achieved by inhibiting CDX2, an intestinal-specific
nuclear transcription factor in the Wnt/p-catenin signaling
pathway (141,142). It is worth noting that a phase I trial
initially explored the efficacy and safety of curcumin in
combination with 5-FU in 5-FU-resistant metastatic colon
cancer (NCT02724202) and in combination with irinotecan
for the treatment of metastatic CRC (NCTO01859858). In addi-
tion, a clinical trial evaluating whether curcumin is beneficial
for patients with rectal cancer prior to chemotherapy and

radiotherapy (NCT00745134) is in progress, indicating that
curcumin is a promising traditional medicine for the treatment
of CRC.

Genistein. Genistein is a soybean-derived isoflavone and
phytoestrogen that has a key role in blocking Wnt/B-catenin
signaling by upregulating GSK-3f3 and E-cadherin expres-
sion (143). A phase I/II clinical trial (NCT01985763)
indicated that genistein combined with chemotherapy is an
effective treatment for metastatic CRC, with good safety and
tolerability (144). Of note, genistein also reverses chemoresis-
tance (145) and is expected to have a role in the treatment of
chemoresistant CRC.

Vitamin D. Previous epidemiological studies have demon-
strated that the amount of vitamin D in the active form is
inversely associated with the risk of CRC (146), and vitamin
D deficiency increases the risk and mortality of patients
with CRC (147,148). A study by Ferndndez-Barral ef al (149)
indicated that 1,25-(OH),D; reduced the proliferation of
colon CSCs and inhibited the development and progression of
colon cancer. Of note, a study evaluating the anti-colorectal
tumor activity of vitamin D-nanoemulsion (NVD) revealed
that NVD induced apoptosis in HCT-116 cells in a dose- and
time-dependent manner, and this apoptotic effect was medi-
ated by the targeted inhibition of B-catenin (150). Recently, a
pilot study examined the effect of vitamin D supplementation
on the survival of patients with stage II-III CRC undergoing
chemotherapy (NCT02603757). In addition, a phase I trial
investigating the vitamin D receptor in relation to CRC is
ongoing (NCT02172651).

Other natural compounds. Brucine is an active alkaloid
present in the natural plant Strychnos nux-vomica tree and it
has been demonstrated to reduce the level of $-catenin and the
expression of c-Myc in colon cancer cells (151). Furthermore,
it has been indicated that strychnine may also diminish tumor
cell proliferation and promote apoptosis by downregulating
the PI3K/AKT/mammalian target of rapamycin (mTOR)
pathway (152), making it a good antitumor agent. Berberine
(BBR) is a quaternary ammonium alkaloid isolated from the
traditional Chinese medicine Coptidis Rhizoma for the treat-
ment of diarrhea and gastroenteritis. Berberine is able to bind
to the nuclear receptor retinoid X receptor a to mediate the
degradation of p-catenin, thereby inhibiting the prolifera-
tion of CRC cells and the growth of xenograft tumors (153).
Liu et al (154) reported that BBR also decreased the expression
of PD-L1 on the surface of tumor cells, disrupting the tumor
immune escape pathway and further enhancing immunity to
tumor-infiltrating T cells, thereby exerting a marked antitumor
effect. These findings provide a new basis for the use of BBR
in tumor immunotherapy.

Ginsenosides are steroid compounds that are derived
from the plant ginseng. Previous studies have confirmed that
ginsenosides may inhibit the proliferation of tumor cells and
suppress their self-renewal ability by blocking Wnt/B-catenin
signaling (155,156). A study by Yuan et al (157) found that
20(S)-ginsenoside Rh2 inhibited CRC lymph node metas-
tasis in a dose-dependent manner in vivo. It is worth noting
that in breast cancer models, ginsenosides may increase the
sensitivity of tumor cells to chemotherapeutic drugs, thereby
improving the efficacy of chemotherapy (158). Tanshinone ITA
is one of the main active components of the traditional Chinese
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herbal medicine Salvia miltiorrhiza. It has been confirmed
that it is able to downregulate the level of hypoxia-inducible
factors-la. (HIF-1a) and block the translocation of -catenin
into the nucleus, which subsequently blocks the activation
of TCF/LEF to decrease angiogenesis (159). This finding
provides a new therapeutic strategy for the development and
progression of CRC. Z-ajoene, a simple sulfur-containing
compound extracted from garlic, has been reported to inhibit
CRC cell growth. Z-ajoene also facilitates $-catenin degrada-
tion by regulating CKla activity (160). Studies using Z-ajoene
for the treatment of gastric cancer suggested that the prolif-
eration of MGC-803 gastric cancer cells was considerably
inhibited (161,162). Artemisinin is an active sesquiterpene
extracted from Artemisia annua. It has been confirmed that
artemisinin blocks Wnt/B-catenin signaling and diminishes the
proliferation, invasion and migration of tumor cells (163-165).

Nerigoside (NG), derived from the Umbelliferae celery
plant, facilitates the apoptosis of a variety of tumor cells, but
its role in CRC has remained to be elucidated. Wen et al (166)
indicated that the viability and colony formation of the
CRC cell lines HT29 and SW620 were inhibited after NG
treatment, and the invasive ability of the cells was also
significantly reduced. NG was also observed to enhance the
expression and stability of GSK3f to block the Wnt/f3-catenin
pathway signaling (166). More importantly, the drug toxicity
associated with NG treatment is very low. Vicenin-2, an NG,
blocks Wnt/p-catenin signaling by inhibiting the transcrip-
tion of TCF/LEF (167). Ginkgolide C is an extract derived
from Ginkgo biloba leaves that blocks the Wnt/f3-catenin
signaling cascade and exhibits strong anti-CRC effects (168).
Resveratrol is an antitoxin produced by numerous plants when
they are stimulated that may inhibit CRC cell proliferation
and tumor formation by blocking the Wnt/B-catenin signaling
cascade (169). A phase I trial suggested that micronized
trans-resveratrol (SRT501) treatment significantly increased
the level of the apoptosis marker caspase-3 in patients with
CRC liver metastases, and SRT501 was well tolerated (170).
In addition, a phase I trial is exploring whether resveratrol in
grape skins is able to prevent colon cancer (NCT00578396).

Andrographolide analog 3A.1 is an analog the main active
ingredient of the plant Andrographis paniculata. Previous
studies suggested that analog 3A.1 significantly reduced the
viability of human CRC HT?29 cells and promoted their apop-
tosis by significantly suppressing the activity of the TCF/LEF
promoter (171). DIF-3 is a small molecule compound identi-
fied in Dictyostelium discoideum. It may activate GSK3f and
promote the degradation of -catenin, thereby hindering cell
proliferation and promoting apoptosis (172,173). It is worth
noting that the use of DIF-3 in patients undergoing chemo-
therapy may significantly reduce the severity of adverse events
such as nausea and vomiting (174). Z86 is a novel inhibitor of
the Wnt signaling pathway. Its key mechanism is to block the
phosphorylation of GSK-3p, thereby increasing the degradation
of B-catenin, downregulating the expression of endogenous
Whnt signaling target genes and ultimately suppressing CRC
cell proliferation (175).

Other Wnt/B-catenin signaling pathway inhibitors
KYAI797K, BC2059 and ICG-001. KYA1797K is a [3-catenin
inhibitor that may bind Axin and suppress tumors by promoting
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the instability of B-catenin (176). It has been indicated that
high expression of B-catenin and subunit of the oligosac-
charyltransferase complex, homolog A/B (STT3A/B) in colon
cancer tissue is related to poor prognosis (177). KYA1797K
may inhibit the signal transduction of B-catenin/STT3, thereby
inhibiting the proliferation of colon CSCs and inducing apop-
tosis. Of note, KYA1797K may also reduce the stability of
PD-L1 on the surface of colon tumor cells, disrupt the immune
evasion of colon tumors and contribute to the effectiveness of
immunotherapies (177). In addition, KYA1797K suppresses
CSC stemness and blocks the growth of tumor organoids and
xenografts (178). BC2059 (tegatrabetan) is a novel 3-catenin
inhibitor that may reduce the levels of -catenin in the cyto-
plasm and nucleus and reduce the transcriptional activity of
the TCF4/LEF complex. Studies have indicated that BC2059
may prolong the OS of patients and the side effects are toler-
able (179,180). The above studies demonstrated that BC2059
is a potent and safe inhibitor of 3-catenin and is worthy of
further study in colorectal tumor models.

ICG-001 is a small molecule B-catenin/TCF inhibitor
and its target gene myeloid ecotropic viral integration site 1
(MEISI) promotes the proliferation and metastasis of colorectal
tumor cells. Studies have confirmed that ICG-001 significantly
inhibits the stemness and metastasis of colorectal CSCs by
inhibiting MEIS1, which reduces tumor formation and inva-
sion (181). Of note, ICG-001 also reversed Wnt4-induced EMT
and angiogenesis in vitro and in vivo, significantly inhibiting
colorectal tumor formation (182,183). ICG-001 is expected to
improve the poor prognosis of patients with CRC metastases.

Pyrvinium and SR3029. Pyrvinium is a small molecule
that inhibits WNT signaling by activating CKla (184). The
inhibition of colorectal tumor growth by pyrvinium has been
demonstrated, but the underlying mechanism remains to be
fully elucidated (185). Zheng et al (185) found that pyrvinium
blocks the growth of colorectal tumor cells by inhibiting the
reactive oxygen species-mediated AKT-dependent signaling
pathway. Of note, Yang et al (186) developed a new compound
based on pyrvinium, YW2065 (pyrazole-4-carboxamide),
which promotes the degradation of (3-catenin by stabilizing
Axinl. Furthermore, Y W2065 exerted a strong anti-CRC effect
both in vitro and in vivo, and YW2065 activated the tumor
suppressor AMP-activated protein kinase, further enhancing
the antitumor effects (186). A recent study confirmed that
heat shock factor 1 (HSF1) promoted the proliferation of CRC
cells by activating mTOR, which promotes the development
and progression of CRC. After pyrvinium treatment, both the
expression and activity of HSF1 were reduced, which slowed
the growth of tumors (187).

SR3029 is a CK1 inhibitor. Amino-terminal enhancer of
split (AES) has been indicated to suppress tumor metastasis in
CRC. Wang et al (188) identified a CK18/e-AES axis in CRC
cells, in which CK10/e promotes the degradation of AES and
significantly increases the proliferation, invasion and migra-
tion of CRC cells by upregulating the expression of Wnt target
genes. After treatment with SR3029, the growth of colorectal
tumors and liver metastasis in mice was significantly dimin-
ished.

BBI608. Napabucasin (BBI608) is an orally administered
inhibitor of signal transducer and activators of transcription
(STAT)3 and cancer cell pluripotency. Abnormal expression


https://www.spandidos-publications.com/10.3892/ijo.2022.5472

12 CHEN et al: TREATMENT BASED ON BLOCKADE OF WNT/$-CATENIN SIGNALING

and activation of STAT3 has been reported in various tumor
diseases and STAT3 has been indicated to regulate [3-catenin
expression during CSC self-renewal. Various studies have
confirmed that BBI608 may significantly inhibit tumor cell
proliferation and colony formation (189-192). A phase III trial
of napabucasin for refractory advanced CRC indicated no
difference in OS between the treatment and placebo groups.
However, STAT3 may be an important target for the treatment
of CRC with elevated phosphorylated STAT3 levels (193). In
addition, phase II clinical trials of BBI608 in combination
with chemotherapy drugs for patients with advanced meta-
static CRC are ongoing (NCTO01776307, NCT02851004 and
NCT03647839).

SM08502, ST2825 and FH535. SM08502 is a novel small
molecule under investigation for the clinical treatment of solid
tumors. SM08502 may block signaling of the Wnt pathway
and downstream target gene expression by inhibiting the
activity of CDC-like kinase (194). A phase I clinical trial of
SMO08502 for patients with advanced solid tumors is ongoing
(NCTO03355066). ST2825 is a myeloid differentiation factor
88 (MyD88) inhibitor. MyD88 is an adapter protein that is
used for signal transduction in the IL-1f/toll-like receptor
(TLR) pathway. A preclinical study indicated that MyD88
upregulates NF-kB and promotes Wnt/B-catenin signaling in
intestinal tumor cells. However, after treatment with ST2825,
the growth of intestinal tumor cells was inhibited and apoptosis
was increased, which significantly hindered the develop-
ment of intestinal tumors (195). FH535 is an inhibitor of the
Wnt/B-catenin pathway and peroxisome proliferator-activated
receptors with antitumor activity; thus, it has considerable
anti-proliferative and proapoptotic effects (196). In addition,
Tu et al (197) used FH535 to treat human CRC cells (DLD-1
and SW620 cells) and found that the cell cycle was arrested
in the G,/M phase and the ability of cells to proliferate and
migrate was significantly inhibited.

Acetyltransferase p300 inhibitor, apatinib and obatoclax.
Hua e al (198) have demonstrated that tribbles homolog 3
(TRIB3) interacts with B-catenin and TCF4 to accelerate
colon tumor formation and xenograft tumor growth. It was
recently confirmed that acetyltransferase p300 inhibitors
may promote the degradation of TRIB3, which not only
reduces the proliferation of CRC tumor stem cells but also
increases CD8* T-cell infiltration and sensitizes patients with
CRC to immune checkpoint inhibitor treatment (199). These
studies imply that TRIB3 may become another key target for
the treatment of CRC. Apatinib is a VEGFR2 inhibitor that
exhibits anti-proliferative and proapoptotic effects in CRC.
The key mechanism involves regulating the level of GSK-3,
which mediates the ubiquitination of -catenin and further
blocks Wnt signaling. In addition, apatinib may inhibit
angiogenesis and reduce the development and progression of
colorectal tumors (200).

Obatoclax is a B-cell CLL/Lymphoma 2 (BCL-2)
antagonist that inhibits BCL-2, BCL-xL. and MCL-1 to induce
apoptosis. Obatoclax reduces the stability of (-catenin and
downregulates the transcriptional activity of the TCF/LEF
complex, significantly suppressing the growth of HCT-116
cells. More importantly, obatoclax significantly reduced the
levels of survivin mRNA and survivin promoter activity,
which induced apoptosis (201), and revealed the potential of

obatoclax as a Wnt pathway antagonist for the treatment of
CRC.

Inhibitors based on potential targets of the Wnt/3-catenin
signaling pathway. Further possible CRC therapeutic targets
have been discovered through various general studies. For
example, Gan et al (202) found that knockdown of protein
tyrosine phosphatase receptor type F may significantly down-
regulate the expression of CSC-related genes downstream
of the Wnt/pB-catenin pathway to cause an antiproliferative
effect in CRC cells. Song et al (203) found that sine oculis
homeobox 1 (Six1), a homeodomain transcription factor,
promotes Wnt/B-catenin pathway signaling. After Six1 knock-
down, the growth of CRC cells was significantly decreased
and cell metastasis and invasion were significantly weakened.
p38a is a novel B-catenin-associated kinase that increases the
proliferation, invasion and metastasis of colorectal tumor cells
by promoting the transcription of [3-catenin target genes. By
contrast, targeted inhibition of p38a may inhibit the activity
of CSCs and increase the sensitivity of tumor cells to chemo-
therapeutic drugs (204). Clinical trials for p38a inhibition are
ongoing.

Mucin 13 (MUCI13), a cell surface mucin, is highly
expressed in patients with CRC and is associated with poor
prognosis. Sheng et al (205) revealed a new role for MUC13 in
the development and progression of colorectal tumors. MUC13
inhibits (3-catenin degradation by interacting with GSK-3f3 and
promoting canonical Wnt signaling. As tumor cells are less
sensitive to immune checkpoint inhibitors (205), inhibition of
MUCI3 may benefit patients with CRC. It has been reported
that overexpression of RNF6 in CRC cells promotes the
phosphorylation of GSK-3f3, which in turn upregulates the acti-
vation of the Wnt/f-catenin signaling pathway and increases
the formation and metastasis of colorectal tumors. Therefore,
inhibition of RNF6 is crucial in patients with CRC (206).

Lysine-specific histone demethylase 1 (LSDI) has
been indicated be a potential target for cancer therapy.
Peng et al (207) studied the anti-CRC activity of the LSDI
inhibitor ZY0511 when combined with 5-fluorouracil (5-HU).
The results suggested that ZYO0511 significantly inhibited the
growth of CRC cells and induced apoptosis both in vivo and
in vitro. Furthermore, ZY0511 synergized with 5-HU and
significantly reduced the invasive and metastatic abilities of
CRC cells. Further investigation indicated that the antitumor
effect of ZY0511 was achieved by inhibiting the Wnt/p-catenin
pathway signaling.

Zhu et al (208) reported that the ceramide synthase
5/TLR4/B-catenin/sterol O-acyltransferase 1 (SOAT1) axis
was dysregulated in patients with CRC. SOATI is able to
directly bind to B-catenin to increase cholesterol esterification
and induce the development of CRC. Therefore, inhibition of
this axis may be an effective therapeutic strategy for CRC. A
recent study (209) determined increased levels of cis-home-
odomain (HOX) (a circular RNA that stabilizes HOXC10)
and HOXCI10 in CRC cells, and the Wnt/p3-catenin pathway
may be activated through the cis-HOX-HOXCI10 axis, which
has a role in the development and metastasis of CRC. Of note,
HOXC10 inhibitors are therapeutically effective only in APC
wild-type CRC and not in tumors with nonsense mutations in
APC (209). Therefore, the cis-HOX-HOXC10 axis may become
a therapeutic target for APC wild-type CRC. In summary, the
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development of inhibitors for the above targets may be a new
strategy to develop treatments for CRC.

Other less studied but potentially valuable inhibitors.
NSC668036 is an organic inhibitor that has been demon-
strated to inhibit B-catenin-driven gene transcription
in vitro (210). Apicularen and bafilomycin act on ATPases and
inhibit the activation of the Wnt pathway (211,212). DK419,
a derivative of niclosamide, inhibits the growth of CRC
cells and xenografts in vitro by blocking the Wnt/p-catenin
signaling (213). P5091 attenuates Wnt pathway activity by
promoting B-catenin degradation, which inhibits CRC cell
proliferation and promotes apoptosis in vitro (214). 36-077, a
Phosphoinositide-3-kinase, Class 3/Vacuolar Protein Sorting
34 (PIK3C3/VPS34) kinase inhibitor, reduces 5-FU resistance
in CRC cells and induces autophagy in CRC cells by blocking
Wnt/f-catenin pathway signaling (215). Ovo like zinc finger
2 (OVOL2) is a Wnt signaling inhibitor that decreases the
expression of related target genes by promoting the recruit-
ment of histone deacetylase 1 to the TCF4-f-catenin complex;
however, the level of OVOL2 is reduced in patients with CRC.
Therefore, upregulating the level of OVOL2 may be a strategy
to suppress the development and progression of CRC (216).
All the above-mentioned compounds may inhibit the signal
transduction of the Wnt pathway, which further inhibits the
development and progression of colorectal tumors.

Various drugs that are used to treat other diseases in the
clinic have also been found to inhibit Wnt/f3-catenin signaling.
The safety of these drugs has been confirmed in clinical
applications, and they may be effective and safe options for
the treatment of Wnt/B-catenin signaling-dependent cancers.
Niclosamide is an antiparasitic drug that may inhibit the
binding of FZD receptors to Wnt ligands, thereby blocking
Whnt/p-catenin signaling (217). Pimozide is a neuroleptic
drug, but studies have indicated that it may also suppress the
Wnt/B-catenin signaling pathway (218,219). Ethacrynic acid
is a highly potent diuretic that was also found to inhibit the
activity of the (3-catenin/LEF-1 transcription complex in liver
cancer cells, thereby reducing the expression of downstream
target genes as part of its anticancer effect (220,221). Although
the above-mentioned drugs have so far not been used for the
treatment of CRC, their inhibitory effect on the Wnt/f3-catenin
pathway signaling and clinical drug safety make them favor-
able options for the treatment of CRC.

6. Summary and prospects

The Wnt protein family has a role in cell proliferation and
differentiation, the self-renewal of stem cells and the transmis-
sion of extracellular signals intracellularly through cell-surface
receptors, thereby driving the development and progression
of tumors. The Wnt/B-catenin pathway is the classical Wnt
signaling pathway and its dysregulation in malignant tumors
has been widely reported, particularly in digestive system
tumors. For instance, abnormal expression of 3-catenin and
other Wnt pathway proteins in the cytoplasm and nucleus of
CRC cells is common. Therefore, inhibitors that target the
Whnt/B-catenin signaling pathway have good prospects for
tumor therapy, as they may act on different upstream and
downstream Wnt-related factors to suppress or impede the
development and progression of CRC.
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For instance, a f-catenin-TCF/LEF complex inhibitor
may downregulate the expression of proto-oncogenes, such
as cyclin D1 and c-Myc, which are downstream of Wnt. This
downregulation inhibits cell proliferation and promotes cell
apoptosis, thereby inhibiting the formation, invasion and
metastasis of colorectal tumors. Although the anti-CRC
effects of numerous f-catenin-TCF/LEF complex inhibitors
have been demonstrated in preclinical studies, their efficacy
and safety in humans require to be confirmed in clinical
trials.

There are numerous types of Wnt ligands and receptor
inhibitors, and their antitumor mechanisms mainly involve
blocking the binding of Wnt ligands to their corresponding
receptors, such as FZD receptors and LRP5 and LRP6 core-
ceptors. This inhibits Wnt/B-catenin signaling, which further
promotes the degradation of f-catenin in the cytoplasm,
reduces (-catenin translocation into the nucleus and down-
regulates the expression of downstream target genes to inhibit
the growth, invasion and metastasis of colorectal tumors. To
date, much progress has been made in the research and devel-
opment of Wnt ligands and receptor inhibitors, and there are
ongoing clinical trials to assess their clinical benefits. Of note,
Wat ligands and receptor inhibitors may also synergize with
chemotherapeutic drugs to increase the sensitivity of tumors to
immunotherapy. These studies are expected to provide clini-
cians with effective and safe treatment strategies for patients
with CRC, and an increased population of patients with CRC
that benefit from treatment.

Certain natural compounds and their derivatives
extracted from traditional Chinese medicines have been
indicated to change the pathology of CRC and effectively
prevent and treat CRC by acting on different targets in the
Wnt/B-catenin signaling pathway. In addition, studies have
indicated that natural compounds have low pharmacological
toxicity and fewer adverse events in patients. Of note, when
certain natural compounds are combined with chemo-
therapeutic drugs, they may synergistically exert antitumor
effects, while also limiting the adverse effects of chemo-
therapy. In short, these natural compounds deserve more
thorough research to explore their anti-CRC mechanisms
and to determine how combinations may benefit patients
with CRC.

There are numerous other substances that block
Wnt/pB-catenin pathway signaling, and there have also been
newly identified targets within the Wnt/p-catenin signaling
pathway. Furthermore, even drugs that have been approved for
the treatment of other diseases have demonstrated significant
anti-CRC effects.

Although further advances in research have led to the
identification of numerous CRC targets in the classical Wnt
signaling pathway, which has provided additional options
to treat colorectal tumors, there are potential drawbacks to
inhibiting the Wnt pathway. Previous studies have indicated
that the Wnt/B-catenin signaling pathway is involved in
numerous biological processes, such as osteoblast differen-
tiation, neurodevelopment and insulin secretion; therefore,
inhibition of the Wnt/f3-catenin signaling pathway may cause
dysfunction in the body, leading to adverse events such as
fragility-related bone fractures, neurodegenerative changes
and metabolic dysregulation (7,222). More importantly,
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research on the classical Wnt signaling pathway still pres-
ents various challenges. For instance, the Wnt/f3-catenin
signaling pathway affects CRC cells through a complex
mechanism that involves multiple receptors and protein
families. In addition, mutations in downstream targets of
the Wnt/p-catenin signaling pathway create difficulties
in the research progress, as mutations in each factor may
lead to abnormal activation of this pathway. Of note, most
of the compounds targeting the Wnt/B-catenin pathway are
currently only at the preclinical stage and no new drugs
have been developed for use in patients. However, research
on molecules that target the Wnt pathway is promising and
worthwhile.

The present review comprehensively summarized the
progress of research on the Wnt signaling pathway and related
active compounds with the aim of providing new targets and
ideas for the development of effective anti-CRC drugs with low
toxicity. With the progress of research, an increased number
of anti-CRC drugs that target the Wnt canonical signaling
pathway will be developed in the future, providing further
therapeutic options and individualized therapy regimens for
patients with CRC. This will allow clinicians to increase the
population of patients with CRC who benefit from treatment.
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