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The Wnt/B-catenin signaling pathway plays a critical role in various biological processes, including cell proliferation,
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differentiation, and tissue homeostasis. Aberrant activation of this pathway is strongly associated with the development of

various cancers, including colorectal, pancreatic, and gastric cancers, making it a promising therapeutic target. In recent

years, inhibitors targeting different components of the Wnt/B-catenin pathway, including small molecules, peptides, and

nucleic acid-based therapies, have been developed to suppress cancer cell growth. These inhibitors work by disrupting key

interactions within the pathway, thereby preventing tumor progression. Antibody-based therapies have also emerged as

potential strategies to block ligand-receptor interactions within this pathway. Despite these advancements, challenges such

as the complexity of the pathway and toxicity concerns remain. Innovative approaches, including allosteric inhibitors,

proteolysis-targeting chimeras (PROTACs), and peptide-based inhibitors, offer new opportunities to address these

challenges. This review provides an overview of the latest progress in the development of Wnt/B-catenin pathway inhibitors

and explores future directions in cancer therapy.

Introduction

The Wnt/B-catenin signaling pathway plays a critical role in
numerous biological processes, including embryogenesis, cell
proliferation, differentiation, and tissue homeostasis.
Dysregulation of this pathway is linked to a wide range of
diseases, such as gastric, colorectal, pancreatic, and prostate
cancer, highlighting its importance as a therapeutic target.
Under normal conditions, in the absence of Wnt ligands, B-
catenin forms a complex with adenomatous polyposis coli
(APC), glycogen synthase kinase 3B (GSK3pB), and casein kinase
la (CKla), leading to its phosphorylation, ubiquitination, and
subsequent proteasomal degradation. This ensures that B-
catenin concentrations are kept low in the cytoplasm,
preventing its translocation to the nucleus where it can activate
gene transcription.! When Wnt proteins bind to the receptor
Frizzled (FZD) and the co-receptor low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) on the plasma
membrane, Dishevelled (DVL) is recruited to the membrane and
inhibits the formation of the B-catenin destruction complex. As
a result, B-catenin is stabilized and accumulates in the
cytoplasm, eventually translocating into the nucleus. In the
nucleus, B-catenin associates with transcription factors such as
T-cell factor/lymphoid enhancer factor (TCF/LEF), and
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coactivators including cAMP-response element-binding protein
(CBP) and B-cell lymphoma 9 (BCL9), to drive the expression of
target genes involved in cell cycle regulation, survival, and
proliferation.?2 This aberrant activation of the Wnt/B-catenin
pathway is a hallmark of many cancers, where it contributes to
tumor initiation, progression, metastasis, and resistance to
therapy (Figure 1).

Therapeutic targeting of the Wnt/B-catenin pathway has
been an area of intense research, with efforts directed at
inhibiting various components of the pathway to suppress
cancer cell proliferation and survival. Small-molecule inhibitors
have been studied extensively. These include WNT974
(LGK974), which targets Porcupine (PORCN), an acyltransferase
essential for Wnt ligand palmitoylation and secretion. WNT974
was optimized based on high-throughput screening hits,
resulting in a compound with excellent activity, specificity, and
pharmacokinetic properties, including high oral bioavailability.
WNT974 has shown potent inhibitory effects on Wnt signaling
and tumor growth in preclinical models and has progressed into
clinical trials.3 4 Similarly, PRI724 disrupts the interaction
between B-catenin and CBP, a critical coactivator of B-catenin-
mediated transcription, thereby selectively inhibiting Wnt/B-
catenin-driven gene expression without affecting the TCF/LEF
interaction, which is essential for normal tissue homeostasis.> ©
Another promising small molecule, CWP232291 (CWP291),
targets the B-catenin/CBP complex, leading to the inhibition of
transcriptional activity and reduced viability of cancer stem
cells, which are often resistant to conventional therapies.” 8
Antibody-based therapies have also been explored, with OMP-
18R5 (vantictumab) being a prominent example. OMP-18R5
targets multiple Frizzled receptors, blocking Wnt ligand binding
and effectively inhibiting pathway activation. Preclinical studies



RSE Medicinal Chemistry

have demonstrated that OMP-18R5 can inhibit the growth of
various cancer types, and this drug candidate has now
progressed to clinical evaluation for the treatment of solid
tumors.® 10 Despite these advancements, the development of
Wnt/B-catenin pathway inhibitors has faced significant
challenges. The redundancy and complexity of the pathway,
which includes multiple Wnt ligands and receptors, make
selective targeting difficult. Additionally, Wnt signaling plays
critical roles in normal stem cell maintenance and tissue
regeneration, raising concerns about potential toxicity and side
effects of systemic pathway inhibition.

B-catenin itself has been a challenging target because of its
role as a transcriptional coactivator lacking a defined small-
molecule binding pocket, which is typical for enzymes and other
druggable proteins. However, recent innovative approaches,
such as the use of allosteric inhibitors and proteolysis-targeting
chimeras (PROTACs), has opened new avenues for targeting B-
catenin. Allosteric inhibitors can modulate protein function by
binding to sites distinct from the active site, offering a strategy
to inhibit protein-protein interactions (PPls) involving B-catenin
without directly blocking its interaction with TCF/LEF or other
coactivators.! PROTACs, however, are bifunctional molecules
that recruit target proteins, such as B-catenin, to E3 ubiquitin
ligases, leading to their ubiquitination and proteasomal
degradation. This approach has shown promise in preclinical
models in degrading B-catenin and suppressing Wnt-driven
oncogenesis.1?

Furthermore, peptide-based inhibitors and nucleic acid-
based therapies, such as small interfering (si)RNAs and
antisense oligonucleotides, have also been explored to target
the Wnt/B-catenin pathway. Peptide inhibitors can be designed
to disrupt specific PPIs, such as those between B-catenin and
TCF, thereby inhibiting pathway activation.'3 Nucleic acid-based
approaches can downregulate the expression of key pathway
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components at the mRNA level, providing a targeted and
potentially less toxic alternative to small molecules and
antibodies. For example, siRNAs targeting B-catenin have been
shown to reduce its expression and inhibit cancer cell growth in
various models.1* Considering the involvement of the Wnt/B-
catenin pathway in the maintenance of cancer stem cells,
targeting this pathway offers the potential to overcome drug
resistance and relapse, which are major challenges in cancer
treatment. Cancer stem cells are thought to drive tumor
initiation, metastasis, and recurrence, and are often resistant to
standard chemotherapy and radiation. Inhibiting the Wnt/B-
catenin pathway in these cells could prevent tumor regrowth
and improve patient outcomes.'® Despite the lack of approved
Whnt/B-catenin pathway inhibitors on the market, ongoing
clinical trials and preclinical studies continue to explore and
refine these strategies, with the hope of developing effective
therapies that can selectively target this pathway in cancer
without causing undue harm to normal tissues.

The Wnt/B-catenin signaling pathway remains a highly
attractive but challenging target for cancer therapy. Continued
research into the pathway's mechanisms, the development of
innovative targeting strategies, and a better understanding of
the pathway's role in normal versus cancerous cells are
essential for advancing Wnt/B-catenin inhibitors toward clinical
success. This review aims to provide a comprehensive overview
of the progress made over the past decade, highlighting the
mechanisms of action, therapeutic potential, and challenges
associated with small-molecule inhibitors, peptides, nucleic
acids, and macromolecules targeting the Wnt/B-catenin
signaling pathway. Expanding therapeutic options by targeting
traditionally undruggable proteins within this pathway offers
significant potential for new cancer treatments, ultimately
contributing to improved patient care and outcomes.

Activated Wnt Signaling Pathway
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Dishevelled; GSK3pB, glycogen synthase kinase 3B; LRP, lipoprotein receptor-related protein; TCF/LEF; T-cell factor/lymphoid
enhancer factor.
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Small-Molecule Inhibitors

The Wnt/B-catenin signaling pathway plays a crucial role in
regulating cell proliferation, differentiation, and survival,
making it a key target for therapeutic intervention, particularly
in cancer where aberrant activation of this pathway is
commonly observed. Within this pathway, DVL functions as a
critical mediator that inhibits the p-catenin degradation
complex, thereby preventing the degradation of B-catenin and
allowing its accumulation in the cytoplasm and subsequent
translocation to the nucleus, where it activates Wnt target
genes. Targeting the interaction between DVL and FZD
receptors has been explored as a strategy to disrupt this
signaling cascade. Among the inhibitors developed (Table 1,
Figure 2), FJ9, which features an indole-2-carbinol skeleton, has
shown potential in inhibiting DVL function by disrupting the
DVL-FZD interaction, leading to reduced Wnt signaling
activity.1® Another promising compound, 3289-8625, has
demonstrated effective inhibition of DVL, and uniquely, it has
been shown to inhibit Wnt signaling not only in vitro but also in
vivo.l” This compound operates by binding to the PDZ domain
of DVL, thereby blocking the propagation of Wnt signals and
resulting in decreased B-catenin stabilization and activity.

PORCN, an O-acyltransferase, regulates Wnt protein
secretion and function by palmitoylating Wnt proteins.
Inhibitors targeting PORCN, such as GNF-1331 and its derivative
GNF-6231,'8 were identified from a library comprising 2.4
million compounds, and developed through structure-activity
relationship (SAR) studies. SAR analysis revealed that the
pyridine nitrogen and thioether moiety are important sites.
Replacing the thioether moiety with a phenyl group greatly
improved the pharmacokinetic properties and also increased
the activity. These have shown robust antitumor effects in the
mouse mammary tumor virus (MMTV)-Wntl xenograft tumor
model. Other PORCN inhibitors currently in clinical trials include
ETC-159,'° CGX1321,2° RXC004,2! and WNT974.3 4 RXC004 has
exhibited potent antiproliferative effects against Wnt ligand-
dependent colon and pancreatic cancer cell lines and inhibited
tumor growth in preclinical in vitro and in vivo models.
Furthermore, RXC004 enhanced immune system activity when
combined with anti-programmed cell death protein (PD)-1
therapy and is currently in clinical trials both as monotherapy
and in combination with anti-PD-1 therapy in patients with Wnt
ligand-dependent gastrointestinal cancers.

Tankyrase, a member of the poly (ADP-ribose) polymerase
(PARP) family, promotes Axin degradation through poly ADP-
ribosylation (PARsylation) of Axin. Tankyrase inhibitors, such as
XAV939,22 JW74,23 and IWR-1,%* prevent Axin degradation and
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promote B-catenin degradation. CK1a, a crucial regulator of the
Wnt signaling pathway, normally suppresses Wnt signaling by
promoting B-catenin degradation. However, many colorectal
cancers exhibit aberrant Wnt signaling activation due to
mutations in the APC or CTNNB1 genes, leading to reduced
CKla function. SSTC3%> activates CKla, enhancing B-catenin
phosphorylation and degradation. In mouse models, SSTC3
significantly inhibited tumor growth in tumors with APC
mutations and in a patient-derived metastatic colorectal cancer
model, with minimal effects on normal gastrointestinal tissues,
indicating a lack of adverse impact on gastrointestinal stem cells
or normal tissue maintenance. SM08502 is an example of kinase
targeting, specifically a CDC-like kinase (CLK) inhibitor. SM08502
inhibits the phosphorylation of splicing factors (SRSF), which
interferes with the function of the spliceosome. This, in turn,
alters the transcriptional activity of the Wnt pathway and the
splicing of related genes. This results in the production of
abnormal transcripts in cancer cells, thereby effectively
inhibiting tumor growth. In a mouse transplant tumor model,
oral administration of SM08502 significantly inhibited tumor
growth. It was also confirmed to be safe, leading to phase 1
clinical trials on patients with advanced cancer. 2°

KY1220, which targets Axin, a negative regulator of the

Wnt/B-catenin pathway, was identified through screening and
further optimized to form KYA1797K.27 KY1220 was able to
inhibit the Wnt/B-catenin pathway while simultaneously
degrading both B-catenin and Ras; however its poor solubility
posed a challenge. To address this, KYA1797K was designed by
introducing a potassium salt, which significantly improved
solubility. The para-nitro group was identified as critical for
maintaining activity, and KYA1797K demonstrated greater
efficacy than KY1220.
KYA1797K directly binds to the regulator of G protein signaling
(RGS) domain of Axin, promoting the formation of a
degradation complex that phosphorylates B-catenin and Ras
and thereby reducing their concentrations and inhibiting cancer
cell growth. In mice with tumors harboring APC and KRAS
mutations, KYA1797K significantly reduced tumor weight and
volume, suggesting its efficacy in targeting the Wnt/B-catenin
and Ras pathways.

Small molecules that selectively inhibit the interaction
between B-catenin and its coactivator BCL9 are also under
investigation. ZW4864, designed based on the screening hit
compound CP-868388,28 underwent structural modifications to
improve its inhibition of the B-catenin/BCL9 interaction.
Specifically, the introduction of a piperazine substituent, a
cyclopropyl group, and a 1H-pyrazol group improved both
activity and selectivity. In patient-derived xenograft models of
triple-negative breast cancer, ZW4864 inhibited tumor growth
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and reduced the expression of B-catenin target genes, while
exhibiting high oral bioavailability and tolerability in mice.
Additional high-throughput screening identified two lead
compounds, C-1 and C-2, which effectively inhibited PB-
catenin/BCL9 interaction and suppressed colorectal cancer cell
proliferation.?® C-1 also significantly inhibited tumor growth in
a mouse model with few side effects, underscoring the
potential of targeting the B-catenin/BCL9 interaction in cancer
therapy.

CBP activates transcription of target genes by binding to B-
catenin within the Wnt/B-catenin pathway. B-catenin/CBP-
targeted inhibitors include ICG-001,3% 31 its derivative PRI-724,>
and E7386.32 E7386 has demonstrated inhibition of tumor
growth in the ECC10 xenograft model and the MMTV-Wntl
transgenic mouse model, where the Wnt pathway is activated.
Additionally, combining E7386 with anti-PD-1 antibodies
resulted in potent synergistic effects in MMTV-Wntl mouse
breast cancer models. E7386 is currently under evaluation in
clinical trials for solid tumors, particularly gastrointestinal
cancers, and as a combination therapy with other anticancer
agents, such as lenvatinib.

The interaction between B-catenin and TCF plays a critical
role in the Wnt/B-catenin pathway and is associated with
tumorigenesis and progression in various cancers. Inhibitors
targeting B-catenin/TCF include PNU-74654,33 34
ZINC02092166,3> LF3,3® and HI-B1.37 PNU-74654, identified
through in silico screening, significantly enhanced the efficacy
of fluorouracil in colorectal cancer treatment. LF3, discovered
via AlphaScreen-based high-throughput screening, underwent
further structural analysis, which revealed the importance of
the sulfonamide group and benzene tail for its activity. LF3
inhibited endogenous B-catenin/TCF4 interactions in HCT116
cells, suppressing Wnt/B-catenin signaling and tumor growth in
mouse models. HI-B1, based on the structure of resveratrol,
inhibited B-catenin/TCF4 luciferase activity in a concentration-
dependent manner and selectively induced apoptosis in B-
catenin-dependent cancer cells. In ApcMin mouse models, HI-
B1 suppressed polyp formation, reduced B-catenin-dependent
tumorigenesis, and decreased mRNA levels of c-Myc and cyclin
D1.

Other inhibitors include allosteric modulators of B-catenin,
such as C2,38 which was identified through computational
analysis of a newly discovered allosteric site (site C) located in
armadillo repeat domains 8 to 10, separate from known binding
sites including TCF4, AXIN1, and BCL9. C2 showed selectivity by
significantly reducing cell viability at low concentrations (50%
inhibitory concentration [ICso]: 0.8-1.3 puM) against high B-
catenin-expressing colon cancer cell lines (DLD1 and SW480),
while requiring higher concentrations (ICso: 3.45-5.35 uM) for
cell lines with low B-catenin expression (HCT116 and SW48). In
vivo, C2 markedly inhibited tumor growth and reduced tumor
weight in treated mice.

MSAB, discovered through cell-based chemical screening
using a luciferase reporter system, promotes B-catenin
degradation.3® MSAB strongly inhibited TCF-dependent
luciferase activity in a concentration-dependent manner in
Whnt-dependent human colon cancer cells (HCT116), with

4| J. Name., 2012, 00, 1-3

minimal effects on Wnt-independent or normal cells. In mouse
xenograft models, MSAB significantly inhibited Wnt-dependent
tumor growth and induced apoptosis.

NRX-1532, a small molecule that enhances the interaction
between B-catenin and its recognition E3 ligase SCFBTCP
promotes the binding of B-catenin to B-TrCP and facilitates -
catenin degradation in cells.*® Furthermore, derivative
molecules such as NRX-103094 and NRX-252114, developed by
optimizing the structure from NRX-1532, exhibit improved
binding strength and promote the ubiquitination and
degradation of B-catenin more efficiently. In particular, NRX-
252114 significantly increased the binding affinity of mutated B-
catenin to B-TrCP, a normally difficult interaction, and induced
the intracellular degradation of B-catenin.

Thus, small-molecule inhibitors targeting various PPIs within
the Wnt/B-catenin signaling pathway have been developed to
disrupt the aberrant activation of this pathway, which is
frequently implicated in cancers and other diseases. These
inhibitors aim to interfere with key interactions that drive Wnt
signaling, such as those involving DVL, B-catenin, and other
critical components of the pathway. The development of small-
molecule inhibitors has gained significant attention because of
their relatively lower production costs, potential for oral
administration, and ease of synthesis compared with larger
biologics such as antibodies, which can reduce patient burden
and improve accessibility. Despite these advantages, targeting
B-catenin directly remains a formidable challenge. The primary
obstacle lies in the structure of B-catenin itself. The protein
lacks a well-defined binding pocket and its largely flat surface
makes it difficult for small molecules to bind effectively and
specifically. Traditional small-molecule inhibitors often rely on
fitting into grooves or pockets on protein surfaces, a feature
that B-catenin does not readily present. Consequently, most
small-molecule inhibitors targeting the Wnt/B-catenin pathway
act indirectly, by inhibiting upstream components or
interactions that facilitate B-catenin stabilization and activity.
Additionally, one of the key challenges in the development of
small-molecule inhibitors is their potential to cause side effects
associated with low target selectivity. This issue arises because
small molecules, while adept at entering cells and binding to
target proteins, can also interact with off-target proteins,
leading to undesirable effects. To mitigate these risks, novel
drug discovery approaches are being explored, including the
design and use of medium-sized peptides. These peptides have
the potential to inhibit PPIs across broader interfaces, offering
a middle ground between small molecules and larger biologics.
Medium-sized peptides can be engineered to specifically
disrupt protein interactions by binding more extensively to the
surface of target proteins to increase selectivity and reduce off-
target interactions. Overall, while small-molecule inhibitors
provide a valuable tool in the modulation of the Wnt/B-catenin
pathway, ongoing research and innovation are crucial to
address the challenges posed by protein structure and target
specificity. The integration of medium-sized peptides into drug
development pipelines represents a forward-looking approach
that could lead to more effective and safer therapies for
conditions driven by Wnt/B-catenin signaling dysregulation.

This journal is © The Royal Society of Chemistry 20xx
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Continued exploration of these strategies will be essential to signaling network.
fully harness the therapeutic potential of targeting this complex

Table 1. Small molecule inhibitors associated with the Wnt/B-catenin signaling pathway.

Compound Structure Target Phase
(Biochemical
data)

DVL Preclinical
(100 pMm,
HTC116 cells)

FJ9

DVL Preclinical
(12.5 uM, PC-
3 cells)

3289-8625

PORCN Preclinical
(0.8 "M, TM3
cells)

GNF-6231

PORCN Phase 1
(20 nM,
HPAF- Il cells)

ETC-159

CGX1321 F PORCN Phase 1
(18.4 uM,
HEK293)

PORCN Phase 2
(64 pM, L-
Whnt3a cells)

RXC004

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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WNT974

PORCN

Phase 2
(0.4 nM, L-
Wnt3a cells,
TM3 cells)

XAV939

Tankyrase

Preclinical
(0.3 uM, DLD-
1 cells)

JW74

Tankyrase

Preclinical
(10 uM, U20S
cells)

IWR-1

Tankyrase

Preclinical
(10 uM, MG-
63 cells,
MNNG-HOS
cells)

SSTC3

CKla

Preclinical
(123 nM™,
HCT116 cells)

SM08502

CLK

Phase 1
(0.046 puM,
SW480 cells)

KYA1797K

Axin

Preclinical
(0.75 uMm,
HEK293 cells)

Z\W4864

|
HN _/ d > Cl

B-catenin/BCL9

Preclinical
(7.0 uMm,
SW480 cells)

B-catenin/BCL9

Preclinical
(20 uM,
Col0320 cells)
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C-2

B-catenin/BCL9 Preclinical
(20 uMm,
Col0320 cells)

PRI-724

B-catenin/CBP Phase 2
(Data not
shown)

E7386

n

B-catenin/CBP Phase 2
0.0484 pM,
HEK293 cells)

PNU-74654

B-catenin/TCF Preclinical
(129.8 uM,
NCI-H295
cells)

ZINC02092166

B-catenin/TCF Preclinical
(0.71 pMm,
SW480 cells)

LF3

B-catenin/TCF Preclinical
(22.2 pMm,
HEK293 cells)

HI-B1 F\©:

B-catenin/TCF Preclinical
(50 uM, DLD-
1 cells)

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

J. Name., 2013, 00, 1-3 | 7



Ple:ie

Medicinal Chremistry. -

ARTICLE Journal Name
c2 Br B-catenin Preclinical
OH (0.8-1.3 pM,
j\ /(D:} DLD-1 cells,
Br ASNTSN SW480)
H H
MSAB B-catenin Preclinical
o (0.583 uM,
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NRX-252114 //N B-catenin Preclinical
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O N F HEK293T cells
| F expressing
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Abbreviations: BCL9, B cell ymphoma 9; CBP, cAMP-response element-binding protein; CK1a, casein kinase 1a; DVL, Dishevelled;

PORCN, Porcupine; TCF, T cell factor.
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I

Figure 2. Small-molecule inhibitors or activators acting on the Wnt/B-catenin signaling pathway. Abbreviations: APC, adenomatous polyposis
coli; BCL9, B cell ymphoma 9; CBP, cAMP-response element-binding protein; CK1a, casein kinase 1a; DVL, Dishevelled; FZD, Frizzled; GSK38,

glycogen synthase kinase 3B; LRP, lipoprotein receptor-related protein;

Peptide-Based Inhibitors

While inhibitors of the Wnt/B-catenin pathway have primarily
been small-molecule inhibitors, their effectiveness can be
limited by the broad interaction surfaces between proteins,
which are often not fully inhibited by conventional small
molecules. Consequently, medium-sized peptides that can
mimic the PPl interface are emerging as a new modality in drug
discovery. This section introduces recently developed medium-
sized molecular peptides that inhibit the Wnt/B-catenin
signaling pathway (Table 2, Figure 3).

8 | J. Name., 2012, 00, 1-3

PORCN, Porcupine; TCF, T cell factor.

The Wnt/B-catenin pathway initiates signaling when Wnt
proteins bind to the FZD receptor on the plasma membrane,
forming a ternary complex with the co-receptor LRP5/6. Fz7-21,
a selective peptide ligand that interferes with the function of
the FZD7 receptor, was identified and shown to inhibit the Wnt
signaling pathway.*! Additionally, Lr-EET-3.5, a peptide
targeting LRP6 identified via phage display from a cystine knot
peptide-based library, specifically inhibits Wnt1 binding to the
LRP6 receptor.*? Lr-EET-3.5 exhibits high affinity for its target
protein (dissociation constant [Kp] = 1.01 nM) and specifically
inhibits Wntl-mediated signaling, as demonstrated by
luciferase reporter assays.

This journal is © The Royal Society of Chemistry 20xx
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While inhibitors targeting upstream proteins in the signaling
pathway exist, effective inhibition of pathways involved in
cancer often requires targeting proteins functioning
downstream. Therefore, peptides targeting PPls that form
complexes with B-catenin downstream of the signaling pathway
and contribute to transcriptional activation have also been
designed. In the Wnt/B-catenin pathway, B-catenin
accumulates in the nucleus, interacting with LEF/TCF to
participate in the transcription of target genes and binding to
the coactivator BCL9 to enhance transcriptional activation. The
peptide hsBCL9CT-24 was developed as a PPl inhibitory peptide
targeting the PB-catenin/BCL9 interaction.?®* hsBCL9CT-24
strongly inhibits the transcriptional activity of B-catenin and
exhibits marked antitumor effects in animal models. This
peptide activates an anti-tumor immune response by
decreasing regulatory T cells and increasing dendritic cells in
tumors. Furthermore, when combined with PD-1 inhibitors, its
therapeutic effect was significantly enhanced, suggesting that
hsBCL9CT-24 could be a promising strategy to overcome
resistance to immune checkpoint inhibitors through inhibition
of the B-catenin/BCL9 interaction.Additionally, helical sulfo-y-
AA peptides that mimic the a-helical HD2 domain of BCL9,
which interacts with B-catenin, have been designed to
selectively inhibit the B-catenin/BCL9 interaction.** These
peptides are cell-permeable, bind to B-catenin, inhibit the
interaction, and suppress cancer cell growth. They are also
enzymatically stable, showing resistance to degradation for
over 24 h in the presence of pronase. Assays such as MTS and
luciferase reporter assays have demonstrated that sulfo-y-AA
peptides exhibit high specificity and potency against Wnt/B-
catenin signaling-dependent cancer cells.

Several peptides have also been developed to inhibit the
interaction between B-catenin and TCF. Interaction of these two
proteins induces the formation of two helices at the C- and N-
terminal sides. StAx-35R, derived from Axin, was designed to
target the C-terminal helix of TCF.!® Although StAx-35R
effectively inhibited the interaction between B-catenin and TCF,
its poor intracellular permeability limited its biological activity.
To improve cell permeability, Grossmann et al. modified the
peptide sequence using arginine derivatives and introduced
various hydrophobic and polar groups at the N-terminus. This
resulted in the compounds NLS-StAx-h, which exhibited
excellent cell membrane permeability and effectively
suppressed the expression of target genes.*® Furthermore, a
new PROTAC peptide, xStAx-VHLL, was designed to target the
Wnt/B-catenin signaling pathway.'2 PROTACs are bifunctional
molecules that induce the degradation of target proteins, with
one end binding to the target protein and the other to an E3
ubiquitin ligase, leading to ubiquitination and proteasomal
degradation of the target. xStAx-VHLL binds the Axin-derived
peptide xStAx to the von Hippel-Lindau (VHL) ligand, resulting in
sustained degradation of B-catenin. Studies have shown that
xStAx-VHLL potently inhibits Wnt signaling in cancer cells and
effectively suppresses tumorigenesis in mouse models.
Furthermore, it significantly inhibited organoid survival in 11 of
12 patient-derived colorectal cancer organoids. xStAx-VHLL

This journal is © The Royal Society of Chemistry 20xx
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represents a promising new therapeutic tool in Wnt signaling-
mediated cancer therapy.

The N-terminal region of TCF is also important for its
interaction with B-catenin. A PPl inhibitory peptide was
developed to target this interaction, as the N-terminal region of
TCF overlaps with the binding site of the nuclear receptor liver
receptor homolog-1 on B-catenin. To enhance intracellular
stability, an amino acid side-chain cross-link was introduced and
the peptide was conjugated with the cell-penetrating peptide
penetratin. The resulting peptide, Penetratin-st7, exhibited high
enzyme tolerance and specifically inhibited the proliferation of
DLD-1 cells.?® To further enhance intracellular inhibitory
activity, peptide sequences were optimized using
computational methods. Penetratin-st6, developed using the
Molecular Operating Environment (MOE) software, specifically
inhibited the growth of DLD-1 colon cancer cells at
approximately 5 uM, showing approximately four times greater
inhibitory  activity than Penetratin-st7.#” This study
demonstrated the feasibility of using rational in silico design for
PPI inhibitory peptides targeting B-catenin, paving the way for
designing peptide inhibitors targeting other proteins.
Additionally, BtCovl, which stabilizes the extended strand
region at the TCF N-terminus as a B-hairpin structure, was
developed.*® BtCovl shows specific covalent binding to the
cysteine residue of B-catenin, offering a strategy for targeting
PPIs via B-strand stabilization. A-b6, a stable B-sheet structure,
was designed based on the sequence of E-cadherin binding to
B-catenin.*® A-b6 competitively inhibited the interaction of B-
catenin with TCF and showed excellent plasma membrane
permeability. Furthermore, computational methods have been
used to design peptoid PPI inhibitory peptides. Cyclic peptoids
developed through these methods effectively inhibited the Wnt
signaling pathway and androgen receptor signaling activation.>®
In a zebrafish model, these peptoids strongly inhibited Wnt
signaling, confirming their therapeutic potential. Thus, cyclic
peptoids designed through computational methods effectively
inhibited the B-catenin/TCF interaction, showing promise in
prostate cancer treatment.

The exploration of peptides as PPl inhibitors has gained
momentum in recent years, driven by the recognition that many
critical PPIs are challenging to target using traditional small
molecules. As highlighted in this review, numerous PPI
inhibitory peptides with specialized secondary structures or
innovative chemical modifications are being developed to
address these challenges. These peptides are designed to fit
into the extended, often flat interfaces of PPls, which are
typically considered undruggable by conventional small
molecules. Notable among these are a-helical peptides, B-
hairpin mimetics, and constrained peptides that have been
chemically modified to enhance their stability, binding affinity,
and specificity. The design of these specialized PPI inhibitory
peptides involves several advanced methodologies.
Conventional approaches such as X-ray crystallography provide
detailed structural insights into target proteins and their
interactions, enabling precise peptide sequence design to
disrupt these interfaces effectively. Phage display is another
powerful technique widely used for peptide selection as it

J. Name., 2013, 00, 1-3 | 9
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allows the screening of vast peptide libraries against target
proteins, thus facilitating the identification of peptides with
high affinity and specificity. This method has been instrumental
in discovering peptides that can modulate challenging targets,
including those involved in the Wnt/B-catenin pathway.
Computational techniques, including molecular dynamics
simulations and in silico docking, have also become mainstream
in the peptide design process. These methods allow for the
virtual screening of peptide libraries, optimization of peptide
sequences, and prediction of binding modes, significantly
accelerating the development timeline and reducing the costs
associated with experimental screening. Computational tools
are particularly valuable for refining peptide structures to
improve their drug-like properties, such as cell permeability and
resistance to proteolysis, which are critical for their success as
therapeutics. One of the most promising advancements in the
field is the Random Nonstandard Peptide Integrated Discovery
(RaPID) system,>! which enables the rapid development of cyclic
peptides that can bind to a wide range of protein targets with
high affinity and specificity. This system utilizes mRNA display
combined with nonstandard amino acid incorporation, allowing
the generation of cyclic peptides with diverse and complex
structures that are otherwise difficult to achieve through
conventional synthetic methods. The RaPID system has been

Medicinal Chremistry. -
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increasingly used to develop specialized peptides for
pharmaceutical applications. These cyclic peptides can
effectively target challenging proteins like B-catenin, which lack
well-defined binding pockets, making them otherwise
undruggable by small molecules.

The use of these advanced design techniques and systems
has the potential to revolutionize cancer therapy by making
previously undruggable targets, such as B-catenin, druggable.
By disrupting key PPIs within the Wnt/B-catenin signaling
pathway, these peptides offer new avenues for therapeutic
intervention in cancers where this pathway shows aberrant
activation. Furthermore, the versatility and adaptability of
peptide-based inhibitors enable the targeting of a broad
spectrum of proteins involved in various oncogenic processes,
expanding the therapeutic landscape beyond what is achievable
with small molecules alone. These innovations underscore a
broader shift in drug discovery towards more sophisticated and
tailored approaches, leveraging the unique capabilities of
peptides to tackle complex biological challenges. As research in
this area continues to evolve, it is anticipated that peptide
therapeutics will play an increasingly prominent role in the
treatment of cancer and other diseases driven by dysregulated
PPlIs.

Table 2. Peptide-based inhibitors associated with the Wnt/B-catenin signaling pathway.

Compound Structure

Phase
(Biochemica
| data)

Target

Fz7-21 Ac-LPSDDLEFWCHVMY-NH,

Preclinical
(100 nM,
HEK293
cells)

FzD7

Lr-EET-3.5

GCQSNHILKHNRCKQDSDCLAGCVCGPNGFCG

Preclinical
(50 nM,
HEK293
cells)

LRP6

hsBCLOCT-24 Ac-LOTLRS5IQRSsL-(2-Nal)-NH,

N
oo " o (88 0 2-Nal

Preclinical
(191 nM,
HCT116
cells)

B-catenin/BCL9

AN NH2

Helical sulfono-
v-AA peptide 4

AN NH2

)L JL MJ Jiuk Jf \ALOHNJ Jf JLNJSQWL Jé JL Jé JLNHQ
\

NH, NHE m—«2

B-catenin/BCL9 Preclinical
(20.6 pM,
SW480

cells)

StAx-35R Ac-RRWPRS;ILDS;HVRRVWR-NH,

Preclinical
(10 pM,
DLD-1 cells,
SW480
cells)

B-catenin/TCF

NLS-StAx-h

PKKKRKV-PEG2-hhWPhSsILDSsHVhhVWh-NH,

B-catenin/TCF Preclinical

10 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




ledicinal Ghemistry/(,-

PEnE J{O(uk ¢ f

f ﬁu\l Y»k {7
wm*m

NH

0 Y\:j/\(\N

Journal Name ARTICLE
NH
(1.4 uM,
HNJ\NHQ HEK293T
cells)
ol L %
§\ (0] §\
N § N
H 2 “"peez " o h
XStAx-VHLL Ac-RRWPRS;ILDS;HVRRVWR-Ahx-ALAPYIP-NH, B-catenin Preclinical
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~
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Penetratin-st7 RQIKTWFQNRRMKWEKKBAAS;LDYSsZCNY-NH, B-catenin/TCF Preclinical
(20 um,
DLD-1 cells)
N § H
H B (6]
Penetratin-st6 ROIKIWFQNRRMKWEKKBAFS;LLYSsZRNY-NH, B-catenin/TCF Preclinical
(20 pM,
DLD-1 cells)
BtCovl B-catenin/TCF Preclinical
OH o (Ki=
HH H uM)
Kk Nyk Lr r\/_ﬁruw s
H H
(0]
H.N__NH
0 Y
HN\I\ H2N
/kr \n/\N )‘I \’/
A-b6 B-catenin/TCF Preclinical
(8 uM,
HEK293T)

Abbreviations: BCL9, B cell ymphoma 9; FZD7, Frizzled 7; LRP, lipoprotein receptor-related protein; TCF, T cell factor.
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Figure 3. Peptide-based inhibitors acting on the Wnt/B-catenin signaling pathway. Abbreviations: APC, adenomatous polyposis coli; BCL9, B
cell lymphoma 9; CBP, cAMP-response element-binding protein; CK1a, casein kinase 1a; DVL, Dishevelled; FZD, Frizzled; GSK3B, glycogen
synthase kinase 3B; LRP, lipoprotein receptor-related protein; PROTAC, proteolysis-targeting chimera; TCF/LEF, T cell factor/lymphoid

enhancer factor.

Nucleic Acid-Based Inhibitors

The COVID-19 pandemic has profoundly impacted health,
society, and the economy worldwide, underscoring the
potential of nucleic acid-based therapeutics, particularly as the
rapid development and widespread use of mRNA vaccines
became a pivotal tool in the fight against the virus. Nucleic acid
drugs are chemically synthesized molecules that regulate gene
expression using nucleic acid molecules (DNA and RNA). These
therapeutics include antisense oligonucleotides (ASOs), which
bind to specific mRNAs and inhibit their translation; siRNAs,
which suppress gene expression by degrading specific mRNAs;
and decoy nucleic acids, which interfere with gene expression
by competitively binding to target proteins such as transcription
factors. Although the use of this approach remains limited, a
few nucleic acid molecules targeting the Wnt/B-catenin
pathway have been developed (Table 3, Figure 4).

Ganesh et al. utilized RNA interference (RNAI) technology to
explore strategies for targeting B-catenin, which is challenging
to inhibit using conventional small molecules and antibodies.
Specifically, the authors developed Dicer-substrate siRNA
(DsiRNA) targeting CTNNB1, the gene encoding B-catenin,
formulated as DCR-BCAT in lipid nanoparticles.>2->* DsiRNA is a
double-stranded RNA molecule designed to target and silence
the mRNA of a specific gene, offering greater stability than

standard siRNAs. DCR-BCAT, targeting CTNNB1, has been
reported to significantly inhibit tumor growth in the MMTV-
Furthermore, DCR-BCAT
demonstrated complete tumor regression and increased CD8+
T cell infiltration when combined with PD-1/cytotoxic T-
lymphocyte antigen-4 It also improved
survival in a mouse model of human colorectal cancer with liver
metastases by reducing CTNNB1 mRNA by more than 50%.
Additionally, in combination with the mitogen-activated protein
inhibitor trametinib, DCR-BCAT markedly
inhibited tumor growth and prolonged survival.

Other researchers have developed ASOs targeting
PKMYT1AR, a long non-coding RNA (IncRNA).>> LhcRNAs are
known to play crucial roles in cancer progression and PKMYT1 is

Wntl breast cancer mouse model.

immunotherapy.

kinase kinase

highly expressed in non-small cell lung cancer where it activates
the Wnt signaling pathway. Its translation is normally inhibited
by miR-485-5p, a tumor suppressor. However, when PKMYT1AR
suppresses miR-485-5p, PKMYT1 expression increases,
activating the Wnt signaling pathway. To counteract this, two
ASOs targeting PKMYT1AR were designed and shown to
effectively repress PKMYT1AR transcripts. In a nude mouse
model where A549 cells were transplanted subcutaneously,
these ASOs inhibited tumor growth and reduced the expression
of cancer stem cell markers CD44, Sox2, and B-catenin.

Thus, inhibitors targeting the Wnt
signaling pathway are being developed and have demonstrated

nucleic acid-based
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significant tumor suppressive effects. Despite the promising
results, the clinical translation of nucleic acid-based inhibitors
faces several challenges, including issues related to delivery,
stability, and off-target effects. Advances in delivery
technologies, such as the use of lipid nanoparticles and
conjugation with targeting ligands, are being explored to
enhance the stability and specificity of these nucleic acid drugs
to improve their therapeutic efficacy and safety profile.
Additionally, the use of chemically modified nucleotides, such
as locked nucleic acids and peptide nucleic acids, can further
enhance the stability and binding affinity of nucleic acid
inhibitors, making them more effective in the physiological
environment.>® As research in this field continues to evolve,
nucleic acid-based drugs hold the potential to become a
transformative treatment option for cancers involving the Wnt
signaling pathway. By providing a mechanism to precisely target
and modulate the expression of key oncogenic drivers within
this pathway, nucleic acid inhibitors could complement or even
surpass traditional small-molecule and antibody therapies.
Ongoing advancements in delivery and design technologies will
be crucial in overcoming the current limitations and fully
realizing the potential of these innovative therapeutic agents in
clinical settings.

Table 3. Nucleic acid-based inhibitors associated with the
Wnt/B-catenin signaling pathway.

Compound Target Phase
DCR-BCAT CTNNB1 Preclinical
PKMYT1AR ASO#1 PKMYT1AR Preclinical
PKMYT1AR ASO#2

Abbreviation: ASO, antisense oligonucleotide.

Macromolecular Inhibitors

While the development of inhibitors targeting B-catenin/TCF in
the Wnt/B-catenin pathway has been a primary focus, targeting
the undruggable B-catenin remains challenging. Recently,
advancements in understanding the activation mechanisms of
the Wnt/B-catenin pathway have led to the development of
macromolecular inhibitors, including antibodies that target Wnt
ligands and receptors involved in Wnt signaling (Table 4, Figure
4).

A notable example is OMP-18R5, a monoclonal antibody
that targets FZD.?% 10 OMP-18R5 has been shown to inhibit Wnt
signaling by binding to FZD, thereby suppressing the growth of
several tumors, including breast, pancreatic, colon, and lung
cancers. OMP-18R5 is currently undergoing clinical trials.
Another significant development is OMP-54F28, a Wnt ligand
decoy receptor. This fusion protein comprises the extracellular
domain of FZD8 fused to the Fc region of human
immunoglobulin G1, which binds to Wnt ligands and inhibits
signaling.5” 38 In preclinical models, OMP-54F28 has
demonstrated tumor growth inhibition when used both as a
monotherapy and in combination with chemotherapeutic
agents. Phase | clinical trials have been conducted in
hepatocellular, ovarian, and pancreatic cancers.
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90Y-OTSA-101 is a radiolabeled monoclonal antibody
developed for the radioimmunotherapy of synovial sarcoma.>®
Its target, FZD10, is part of the seven transmembrane receptor
family associated with the Wnt signaling pathway. FZD10 is
specifically overexpressed in synovial sarcoma cells and is rarely
present in normal adult tissues, allowing the anti-FZD10
antibody (OTSA-101) to bind selectively to tumor cells. The
radionuclide yttrium-90 (90Y), a potent beta emitter, is effective
in destroying tumor cells. 90Y-OTSA-101 has shown significant
tumor shrinkage in mouse models of periosteal osteosarcoma.
However, hematological toxicity was observed in clinical trials,
indicating the need for molecular redesign, such as switching to
a lower-energy radioisotope. Another target, R-spondin 3, an
activator of the Wnt signaling pathway, may be inhibited by the
monoclonal antibody OMP-131R10.%° In addition, UC-961,5% 62 a
monoclonal antibody targeting the receptor tyrosine kinase-like
orphan receptor 1, has been developed.
Antibody- and fusion protein-based inhibitors have emerged as
promising therapeutic agents because of their high specificity
and ability to target proteins with complex or extended surfaces
that are typically undruggable by small molecules. In the
context of Wnt/B-catenin-mediated diseases, these inhibitors
can selectively bind to key components of the pathway, such as
FZD, Wnt ligands, or B-catenin itself, thereby disrupting the
signaling cascade that drives tumorigenesis and other
pathological conditions. Because of their precision and high
affinity, antibody-based therapies have demonstrated
significant therapeutic efficacy in preclinical and clinical
settings, offering targeted intervention with minimal off-target
effects when compared with conventional therapies. Despite
their high specificity and efficacy, antibody- and fusion protein-
based inhibitors face several significant challenges. One of the
primary limitations is their high manufacturing costs, which can
make these therapies expensive and limit access for patients.
The production of monoclonal antibodies involves complex
processes such as mammalian cell culture, purification, and
stringent quality control measures, all of which contribute to
the overall cost. Additionally, these biologics are typically
administered via intravenous or subcutaneous injection, as they
cannot be delivered orally because of degradation in the
gastrointestinal tract and poor bioavailability. This mode of
administration can be inconvenient for patients, requiring
frequent hospital visits and specialized handling. To address
these limitations, there is a growing need for the development
of small- and medium-molecule inhibitors that can offer similar
specificity and efficacy but with lower costs and improved
patient convenience. The continued development and
refinement of small- and medium-molecule inhibitors are
crucial for overcoming the limitations associated with antibody
and fusion protein therapies. By combining the specificity and
potency of biologics with the practical advantages of small
molecules, these new classes of inhibitors have the potential to
expand therapeutic options for patients with Wnt/B-catenin-
mediated diseases, offering effective and accessible treatment
modalities. As research progresses, these inhibitors could play
a central role in the next generation of targeted therapies for
cancer and other conditions driven by aberrant Wnt signaling.
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Table 4. Macromolecular inhibitors associated with the Wnt/B-
catenin signaling pathway.

Compound Target Phase
OMP-18R5 FZD Phase 1
OMP-54F28 Whnt ligand Phase 1
90Y-OTSA-1012 FZD10 Phase 1
OMP-131R10 R-spondin 3 Phase 1
UC-961 ROR1 Phase 2
a)  Radiolabeled monoclonal antibody developed for the
radioimmunotherapy of synovial sarcoma. Abbreviations: FZD,

Frizzled; ROR1, receptor tyrosine kinase-like orphan receptor 1.

Wnt ligand decoy receptor
OMP-54F28

FZD antagonists
OMP-18R5, 90Y-OTSA-101

L

DsiRNA
DCR-BCAT
TITTTTTITITTI TR
= ~CTNNB1 7z
~

\

!

Figure 4. Nucleic acid-based and macromolecular inhibitors acting on
the Wnt/B-catenin APC,
adenomatous polyposis coli; BCL9, B cell lymphoma 9; CBP, cAMP-
response element-binding protein; CK1a, casein kinase 1a; DsiRNA,
Dicer-substrate  RNA; DVL, Dishevelled; FZD, Frizzled; GSK38,
glycogen synthase kinase 3B; LRP, lipoprotein receptor-related
protein; TCF/LEF, T cell factor/lymphoid enhancer factor.

signaling pathway. Abbreviations:

Conclusions

As highlighted throughout this review, abnormalities in the
Wnt/B-catenin pathway are implicated in a wide range of
cancers, prompting the design of various inhibitors. However,
despite recent progress, no compounds have yet reached the
market, underscoring the ongoing need for innovative
approaches. This review has summarized the development of
inhibitors, including small molecules, peptides, nucleic acids,
and polymers.

Small-molecule inhibitors have been developed to target
multiple points both upstream and downstream of the signaling
pathway, with some currently in clinical trials. Nevertheless,
challenges such as low target specificity and associated toxicity
persist. The efficacy of small-molecule inhibitors is highly
dependent on their stability and pharmacokinetic properties,
necessitating sufficient stability and effective distribution to the
target site.
structure-based drug design have been employed to improve

In recent years, high-throughput screening and

selectivity and physicochemical properties. Specifically, efforts
have been focused on enhancing cellular permeability and
stability by substituting carboxylic acid groups with bioisosteres
and adjusting lipophilicity.63 ¢ Peptide-based inhibitors have
gained in recent years, with designs
leveraging a variety of innovative approaches. These inhibitors

increased attention

show great promise because of their ability to interact with
proteins over broader interfaces than small molecules, offering
high
modifications, and some can be administered orally. Recently,

specificity. They are also amenable to chemical

advancements have been made in developing next-generation
peptide drugs with enhanced degradation resistance and cell
membrane permeability through special chemical
modifications. The design of cyclic peptides using the RaPID
system is also gaining traction. These new technologies and
approaches may significantly advance the development of
inhibitors targeting the challenging Wnt/B-catenin pathway.

Macromolecular inhibitors, which are expected to provide
high target specificity and therapeutic efficacy, are also being
developed alongside nucleic acid-based drugs. As discussed,
nucleic acid drugs have demonstrated strong inhibitory effects
against tumors involving Wnt/B-catenin signaling. Beyond their
therapeutic potential, nucleic acid drugs are emerging as a new
modality because of their chemical synthesizability, making
them potentially more cost-effective than antibody drugs.
However, challenges such as cell membrane permeability and in
vivo stability remain, necessitating the implementation of drug
delivery systems and specific chemical modifications.

As the development of Wnt/B-catenin pathway inhibitors
continues, there is a growing recognition of the need for
personalized medicine approaches. ldentifying biomarkers that
can predict responses to Wnt inhibitors will be crucial for
tailoring treatments to individual patients and maximizing
therapeutic efficacy. For example, tumors with specific
mutations in the Wnt pathway, such as APC or CTNNB1
mutations, may be more susceptible to certain inhibitors,
allowing for a more targeted treatment approach.5> 66
Moreover, combination therapies that include Wnt/B-catenin
pathway inhibitors alongside other anticancer agents, such as

immune checkpoint inhibitors or chemotherapeutics, hold
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potential for synergistic effects. By targeting multiple pathways
involved in tumor growth and survival concurrently, these
combination strategies could overcome resistance mechanisms
and improve patient outcomes. The integration of emerging
technologies, such as CRISPR-based gene editing and PROTACs,
into the development of Wnt pathway inhibitors also presents
exciting opportunities. CRISPR technology could be used to
selectively knock out key components of the Wnt pathway in
cancer cells, while PROTACs offer a novel approach to degrading
undruggable proteins like B-catenin. These technologies, when
combined with the interdisciplinary approaches discussed,
could revolutionize the way Wnt/B-catenin pathway inhibitors
are developed and applied in clinical settings. The Wnt/B-
catenin pathway remains a complex and challenging target for
cancer therapy. However, the integration of computational
science, organic chemistry, and biochemistry provides a
powerful toolkit for turning previously undruggable targets into
viable drug targets. Continued innovation, collaboration, and
investment in these interdisciplinary approaches will be
essential for advancing the development of effective therapies
targeting the Wnt/B-catenin pathway, ultimately leading to
improved outcomes for patients with Wnt-driven cancers and
other diseases.
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