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Simple Summary

Hepatocellular carcinoma (HCC), the predominant type of liver cancer, is one of the leading
causes of cancer-related deaths worldwide, and many patients are diagnosed only after
the disease has reached an advanced stage. Although new treatments, including targeted
therapies and immunotherapy, have improved patient care, many tumors eventually be-
come resistant, limiting long-term treatment success. Increasing evidence has identified
β-catenin, a protein involved in normal cell growth and tissue maintenance, as an impor-
tant contributor to HCC development and resistance to multiple forms of therapy. This
review summarizes current knowledge of how abnormal β-catenin signaling promotes
tumor growth, supports cancer cell survival, and reduces treatment effectiveness. It also
discusses emerging therapeutic strategies designed to inhibit β-catenin signaling or coun-
teract its downstream effects. A better understanding of these mechanisms may guide
the development of more effective treatment combinations, improve patient selection for
existing therapies, and support future research aimed at overcoming therapeutic resistance
in liver cancer.

Abstract

Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality worldwide,
with poor patient outcomes largely attributable to late diagnosis and the frequent develop-
ment of therapeutic resistance. Although advances in chemotherapy, targeted therapies,
immunotherapy, and combination regimens have improved treatment options, durable
clinical responses remain limited. This review synthesizes current evidence on the role of
β-catenin signaling in HCC progression and therapeutic resistance, emphasizing the molec-
ular mechanisms underlying aberrant pathway activation and its interactions with other
oncogenic signaling networks. The review examines how constitutive β-catenin activation
promotes tumor growth, cancer stem cell maintenance, metabolic reprogramming, immune
evasion, and resistance to chemotherapy, targeted therapies, and immune checkpoint in-
hibitors. In addition, emerging therapeutic strategies targeting β-catenin are discussed,
including inhibition of β-catenin transcriptional activity, modulation of upstream Wnt
signaling, direct suppression of CTNNB1 expression using nucleic acid-based approaches,
and interventions targeting the immune and metabolic consequences of pathway activation.
Collectively, the evidence identifies β-catenin as a central mediator of HCC progression
and treatment resistance while highlighting its potential as a therapeutic target. A deeper
understanding of β-catenin-driven mechanisms may facilitate the development of more
effective therapeutic strategies and improve clinical outcomes for patients with HCC.
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1. Introduction
1.1. Liver Cancer Incidence, Mortality, and Complications with Diagnosis

Liver cancer has the sixth highest incidence and third highest cause of cancer mor-
tality globally, making it a significant global health concern. In the year 2022 alone, over
865,000 new cases and 757,000 mortalities were reported worldwide. With the incidence of
liver cancer increasing 3-fold over the last four decades, in 2026 an estimated 42,340 new
cases will be diagnosed and 30,980 mortalities are expected in the United States alone [1].
Two major histologic types comprise the majority of liver cancer cases: hepatocellular
carcinoma (HCC) and cholangiocarcinoma (CCA), with HCC constituting approximately
75–85% of cases globally [2]. HCC is often associated with the presence of an identifiable
underlying condition, such as viral infection (hepatitis B or C), alcohol use, and metabolic-
dysfunction-associated fatty liver disease (MAFLD) [1,3]. Due to the initially asymptomatic
nature of HCC, more than half of patients are diagnosed at an advanced stage, resulting
in a five-year survival rate of about 20% [1]. Current methods for detection and diagnosis
are limited as the current standard of care biomarker, alpha fetoprotein (AFP), has poor
sensitivity (49–61%) [4,5]. Regional therapies, such as surgical resection and radiation
therapy, are limited to patients with early stage diagnoses. For patients with advanced-
stage disease (Barcelona Clinic Liver Cancer staging system B or C), systemic therapies
are the primary treatment option, though these therapies are often life-prolonging rather
than curative. Additionally, these systemic regimens are indicated only for patients with
well-compensated cirrhosis (Child-Pugh A), as many of the landmark trials that established
their efficacy excluded patients with Child-Pugh B or C [6,7].

1.2. Current Therapeutic Landscape: Chemotherapy, Targeted Therapy, Immunotherapy, and
Combination Treatments

The impaired liver function generally associated with HCC development, activation
of autophagy, increased DNA repair mechanisms, and drug efflux transporters renders
conventional chemotherapy ineffective due to increased toxicity and reduced sensitivity [8].
As a result, cytotoxic agents such as 5-fluorouracil (5-FU), doxorubicin, and cisplatin play
a limited role in systemic treatment [9–11]. While no conventional chemotherapy regi-
men carries FDA approval for systemic treatment of HCC, some of these therapies are
used in addition to hepatic arterial infusion therapy (HAIC) and transarterial chemoem-
bolization (TACE) or off-label after patients show progression on approved agents [11–13].
This created a need for more specialized treatment, giving way to the development of
targeted therapeutics.

Sorafenib, a small molecule inhibitor of multiple tyrosine kinases, was the first FDA
approved targeted therapy (2007), and has remained a standard of care for advanced HCC
for almost two decades [14]. In recent years, rapid progress in targeted molecular therapies,
immunotherapies, and combination treatment strategies has transformed the management
of advanced stage HCC [7]. A series of tyrosine kinase inhibitors (TKIs) were developed
to inhibit specific molecular abnormalities identified to be involved in HCC progression,
especially vascular endothelial growth factor receptor (VEGFR), including lenvatinib,
regorafenib, and cabozantinib. Lenvatinib was found to improve overall survival (OS)
and progression-free survival (PFS) as a first-line therapy for unresectable HCC compared
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to sorafenib [15], while second-line therapies regorafenib [16], cabozantinib [17], and
ramucirumab (a human IgG monoclonal antibody of VEGFR-2) [18] were found to improve
OS and PFS in patients previously treated with sorafenib compared to placebo [7].

The development of immune tolerance in HCC patients, driven by the enrichment of
regulatory T cells, myeloid-derived suppressor cells, and changes in key immune check-
point regulators, led to the implementation of immunotherapies as a potential therapeutic
strategy for advanced HCC [19,20]. Two anti-PD-1 (programmed cell death protein-1) mon-
oclonal antibodies have been FDA approved for second-line therapy in HCC, nivolumab
and pembrolizumab; while these therapies did not significantly increase OS compared
to sorafenib, they had favorable safety profiles and improved OS and PFS compared to
placebo [21,22]. Additionally, durvalumab, an anti-programmed cell death protein ligand-1
(PD-L1) monoclonal antibody, showed comparable outcomes to sorafenib.

Beyond single-agent therapies, combination therapeutic strategies have been im-
plemented to enhance clinical efficacy in HCC treatment. Nivolumab has been used in
combination with ipilimumab, an anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4) monoclonal antibody, as a second-line therapy for patients previously treated with
sorafenib; it has demonstrated improved tumor response and increased OS [23]. Recently,
nivolumab plus ipilimumab was implemented as a first-line therapy for unresectable HCC
and was found to significantly improve OS compared to sorafenib or lenvatinib [24]. Ate-
zolizumab, an anti-PD-L1 mAb, and bevacizumab, an anti-vascular endothelial growth
factor (VEGF) mAb, have been used together as a first-line therapy for unresectable HCC;
this combination was found to have improved PFS and OS compared to sorafenib [25].
The use of atezolizumab plus bevacizumab as a second-line therapy has been found to
have similar positive outcomes [26]. Additionally, atezolizumab has been combined with
cabozantinib as a first-line therapy for advanced HCC and had increased PFS compared to
sorafenib [27]. Camrelizumab, an anti-PD-L1 mAb, combined with revoceranib, a VEGFR
TKI, has demonstrated improved PFS and OS in unresectable HCC as a first-line therapy
compared to sorafenib [28]. The combination of durvalumab and tremelimumab, anti-
CTLA-4 mAbs, as a first-line therapy in unresectable tumors demonstrated increased OS
compared to sorafenib, and had a promising risk–benefit profile in patients exhibiting
intolerance or resistance to sorafenib [29,30].

While the use of kinase and immune checkpoint inhibitors has shown a significant
extension of survival and successful downstaging, at times leading to increased resection
rates, these therapies often face the limitation of development of resistance. This has driven
the development of a new field of immunotherapies that focuses on gene targets and
advanced techniques such as chimeric antigen receptor (CAR)-T cell [31], dendritic cell
vaccine [32], and oncolytic virus therapy [33].

1.3. Introduction to β-Catenin: Dual Role in Cell Adhesion and Wnt/β-Catenin Signaling Pathway

β-catenin is an evolutionarily conserved, multifunctional protein, essential in develop-
mental processes and tissue homeostasis, that has two distinct functions within the cell:
structure and signaling [34–36]. The dual roles of β-catenin are enabled by its structural
composition, consisting of 12 Armadillo repeats flanked by flexible N- and C- terminal
domains [37,38]. β-catenin serves as a molecular bridge that links cadherin-based adherens
junctions to the actin cytoskeleton. The N-terminal domain of β-catenin binds the cyto-
plasmic tail of classical cadherins, while the central region of Armadillo repeats recruit
α-catenin [39,40], which can in turn nucleate F-actin bundles; this stabilizes the cadherin–
catenin complex and actin filament network that comprise adherens junctions [36]. The
membrane-associated, junction-stabilized fraction of β-catenin is essential for cell–cell
adhesion and maintains epithelial integrity. The C-terminal domain of β-catenin can be
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phosphorylated, modifying its affinity for α-catenin and cadherins, which allows for imme-
diate release of β-catenin from these junctions when signaling cues demand it. Therefore,
the loss of β-catenin disrupts junctional adhesion fundamental in cell-cell interactions and
tissue architecture [36].

In parallel, β-catenin also acts as a central effector of the canonical Wnt (wingless-
related integration site) signaling pathway (Figure 1). In the absence of Wnt, the N-terminal
serine/threonine residues of β-catenin are phosphorylated by a destruction complex con-
taining axis inhibition (AXIN), adenomatous polyposis coli (APC), casein kinase 1 (CK-1),
and glycogen synthase kinase-3β (GSK3β), marking it for β-transducin repeat-containing
protein (β-TrCP)-mediated ubiquitination and proteasomal degradation. In the presence of
Wnt, the ligand can bind to Frizzled (FZD) and low-density lipoprotein receptor-related
protein 5 and 6 (LRP5/6) receptors resulting in the disassembly of the destruction complex,
preventing β-catenin’s degradation. This results in cytoplasmic accumulation of β-catenin
and its subsequent translocation to the nucleus (via importin-karyopherin and direct inter-
actions with nucleoporins) where it associates with T cell factor (TCF)/lymphoid enhancer
binding factor (LEF) transcription factors [41]. β-catenin’s association with TCF/LEF directs
it to Wnt-responsive elements, where it initiates the assembly of a suite of co-activators
to drive transcription of genes involved in proliferation, differentiation, and stem-cell
maintenance [36].

Figure 1. Canonical Wnt/β-catenin signaling in normal cells: off and on states. The absence of
Wnt ligand (left) results in continuous phosphorylation of β-catenin by the destruction complex
(APC, Axin, GSK-3β, and CK1α), which leads to ubiquitin-mediated proteolysis of β-catenin. Low
cytoplasmic β-catenin levels due to degradation prevent nuclear translocation and subsequent
activation of Wnt target genes, resulting in the Wnt off state. In the presence of the Wnt ligand (right),
Wnt binds to Frizzled and LRP5/6, which then inhibit the destruction complex, allowing β-catenin to
accumulate in the cytoplasm. The cytoplasmic β-catenin translocates to the nucleus where it interacts
with TCF/LEF transcription factors to activate Wnt target gene transcription, resulting in the Wnt on
state. Black arrows indicate something acting on or resulting in an action, red indicates inhibition,
and green indicates activation. APC, adenomatous polyposis coli; CK1α, Casein Kinase 1α; GSK-3β,
Glycogen Synthase Kinase-3β; LRP5/6, Low-Density Lipoprotein Receptor-Related Proteins 5 and 6;
TCF/LEF, T-cell factor/Lymphoid Enhancer-Binding Factor.
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Alternatively, non-canonical Wnt signaling operates independently of β-catenin. This
is carried out through two major branches, the planar cell polarity (PCP) pathway and
the Wnt/Ca2+ pathway. In PCP signaling, Wnt5a and Wnt11 bind ROR–Frizzled receptor
complexes to activate Dvl and Vangl, which drives Rho/Rac1 signaling through ROCK and
JNK and leads to cytoskeletal remodeling and transcriptional changes [42]. The Wnt/Ca2+

signaling signals through G-protein mediated PLC activation and intracellular calcium flux,
engaging kinases such as PKC and CaMKII [43].

Non-canonical and canonical Wnt signaling frequently intersect, often in an antagonis-
tic manner that depends heavily on cellular context. In mammary cancer stem cells, seques-
tration of Wnt5a and Wnt5b counteracts the inhibitory effect that non-canonical signaling
normally exerts on canonical Wnt output, which helps preserve stem cell function [44].
A related dynamic has been described in hepatocellular carcinoma, where non-canonical
ligands are preferentially expressed in poorly differentiated tumor cells, and Wnt5a directly
suppresses β-catenin/TCF-driven canonical signaling in these cells [45]. These findings
point to a tissue-specific interplay between the two arms of Wnt signaling that likely shifts
depending on tumor stage and differentiation state.

The Wnt/β-catenin pathway plays a critical role in development and homeostasis of a
range of tissues, and dysregulation of this signaling pathway can result in a wide range of
ailments, such as heart, lung, liver, bone, and nervous system diseases [46]. In addition to
all these diseases, β-catenin signaling is frequently dysregulated in cancers and is known
to be dysregulated in 50% of HCC cases. The aim of this paper is to investigate the role
β-catenin plays in HCC and development of resistance to therapeutic intervention [47].

2. β-Catenin Signaling in Hepatocellular Carcinoma
2.1. Aberrant β-Catenin Activation in HCC: Mechanism and Origin/Existence and Relevance

As the central effector of the Wnt/β-catenin signaling pathway, β-catenin’s stability
and subcellular localization are normally under strict regulatory control. In cancer, the
canonical Wnt/β-catenin pathway can become constitutively “on” and thus signals in-
dependently of those oscillating signals seen in healthy tissues [48]. Aberrant activation
has been documented across multiple cancer types, including colorectal, gastrointestinal,
glioblastoma, lung, breast, melanoma and HCC [49–53]. This highlights β-catenin as a
broadly conserved oncogenic pathway, although its biological consequences are highly
context-dependent. In the liver, β-catenin regulates hepatocyte proliferation, metabolic
zonation, regeneration after injury, and immune tolerance. Dysregulated β-catenin sig-
naling in HCC thus gives rise to tumor phenotypes distinct from those observed in other
Wnt-driven cancers [54].

In HCC, β-catenin activation occurs through diverse genetic and non-genetic mech-
anisms that ultimately promote accumulation and transcriptional activity of the active,
non-phosphorylated protein (Figure 2). The most common genetic alterations are gain-
of-function mutations in the CTNNB1 gene [55,56], predominantly within exon 3, which
encodes serine and threonine residues required for phosphorylation by CK-1 and GSK3β.
Mutation of these residues renders β-catenin resistant to degradation, leading to its cy-
toplasmic accumulation and subsequent nuclear translocation where it transcriptionally
reprograms the cell [57]. Alternatively, loss-of-function mutations in components of the
destruction complex impair β-catenin phosphorylation and turnover [58].

Beyond genetic alterations, β-catenin signaling can also be enhanced through mecha-
nisms such as increased ligand availability, epigenetic silencing of pathway inhibitors, and
microenvironmental cues associated with chronic inflammation and fibrosis. Increased ex-
pression of Wnt ligands and Frizzled receptors increases pathway activation in HCC [59,60].
Multiple microRNAs and long non-coding RNAs have been shown to regulate β-catenin
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stability, nuclear localization, and downstream transcriptional activity, further contributing
to pathway dysregulation [61]. Importantly, these findings suggest that β-catenin acti-
vation extends beyond CTNNB1 mutation status alone and may occur through diverse
regulatory mechanisms.

Figure 2. Aberrant activation of Wnt/β-catenin signaling in HCC. Genetic alteration to CTNNB1
(β-catenin gene) or components of the destruction complex (AXIN1/2 and APC) prevent the phos-
phorylation and degradation of β-catenin, resulting in activation of Wnt target gene transcription and
subsequent initiation of oncogenic programs, such as proliferation and survival, stemness and self-
renewal, invasion, metastasis, and EMT, angiogenesis and TME, immune exclusion, and metabolic
reprogramming. Black arrows indicate something acting on or resulting in an action, red indicates
inhibition or deletion, and upward/downward facing arrow indicates and increase/decrease re-
spectively. APC, adenomatous polyposis coli; AXIN, axis inhibition; CK1α, Casein Kinase 1α; EMT,
epithelial–mesenchymal transition; GSK-3β, Glycogen Synthase Kinase-3β; LRP5/6, Low-Density
Lipoprotein Receptor-Related Proteins 5 and 6; TCF/LEF, T-cell factor/Lymphoid Enhancer-Binding
Factor; TME, tumor microenvironment.

Disruption of the membrane-associated pool of β-catenin can further modulate path-
way activity [62,63]. In some tumors, in particular well-differentiated epithelial HCCs, cyto-
plasmic and nuclear β-catenin accumulate due to impaired degradation while membrane-
associated β-catenin at adherens junctions remain largely preserved. In others, loss or
destabilization of E-cadherin during epithelial–mesenchymal transition weakens adherens
junctions, releasing β-catenin from the plasma membrane and increasing the intracellular
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pool available for transcriptional activity [64,65]. These cases emphasize the distinction
between the two biological pools.

Prevalence of β-Catenin Mutations/Activation in HCC Patient Cohorts

Large patient cohort studies have demonstrated that CTNNB1 mutations are reported in
roughly 30–50% of HCC cases, although prevalence varies according to patient population,
underlying liver disease etiology, and molecular classification methodology. Mutations in
AXIN1, a scaffolding protein of the β-catenin destruction complex, are observed in approxi-
mately 5–10% of HCCs [66], whereas mutations in destruction complex component APC, are
rare (<5%) and unlike in colorectal cancer where they have a high frequency [67]. However, as
mentioned before, mutation status underestimates the overall frequency of β-catenin signaling
in HCC. Consistent with this concept, 40–60% of HCC cases showed no mutations in CTNNB1
or AXIN1/2, which led to a genome-wide association study revealing alcohol-related HCC
to be specifically linked to WNT3A-WNT9A variants. Furthermore, evidence shows muta-
tions in Wnt ligands, FZD receptors, and secreted frizzled-related proteins (SFRPs) are seen
in 95% of HCC and 68% of surrounding tumor tissues [59,68–70]. One cohort from China
assessed for mRNA expression of β-catenin exon 3 mutation showed 44.1% of HCC cases
and 61.8% showed increased expression in the cytoplasm or nucleus [71]. CTNNB1 mutations
have also been shown to be more frequent in Asian populations and in older patients and
can occur in livers without cirrhosis [72]. These mutations are enriched in alcohol-related,
Hepatitis C virus (HCV)-associated, and metabolic dysfunction-associated steatotic liver dis-
ease (MASLD)-driven HCC, while Hepatitis B virus (HBV)-associated tumors tend to harbor
CTNNB1 mutations less frequently [73].

The timing and origin of β-catenin activation during hepatocarcinogenesis remain
under active investigation. Evidence suggests that β-catenin dysregulation may function
as either an early or late event depending on disease context and accompanying molecular
alterations. In some settings, β-catenin activation appears to contribute to early clonal
expansion and tumor initiation, while in others it may emerge during tumor progression as
part of broader oncogenic reprogramming. Metabolic dysfunction, such as type 2 diabetes
mellitus, may further exacerbate β-catenin-driven tumorigenesis through extracellular
matrix remodeling and enhanced signaling. Environmental exposures, including aflatoxin,
have also been linked to mutations in Wnt pathway scaffolding genes like AXIN1 and
APC, illustrating the interplay between genetics and environment in shaping tumor biol-
ogy. Consequently, functional pathway activation, rather than mutation prevalence, may
more accurately identify tumors in which β-catenin contributes to tumor progression and
therapeutic resistance.

2.2. Consequences of Constitutive β-Catenin Activation Phenotype and Function/Biological Consequence

Constitutive β-catenin signaling contributes to multiple stages of HCC development,
influencing tumor differentiation state, cellular behavior, metabolic adaptation, stemness-
associated phenotypes, and interactions with the tumor microenvironment (Figure 2).
Although β-catenin activation is frequently associated with differentiated tumors, persistent
pathway activation promotes oncogenic transcriptional programs supporting tumor growth,
survival, and therapeutic resistance. Furthermore, the biologic output of β-catenin signaling
is heavily influenced by accompanying molecular alterations and microenvironmental
context, contributing to the heterogeneity observed among β-catenin-active HCCs.

2.2.1. Effects on Hepatic Differentiation and Tumor Phenotype

In normal liver tissue, β-catenin contributes to hepatic zonation and regulates genes
involved in ammonia detoxification, glutamine synthesis, and bile acid metabolism. Conse-
quently, constitutive activation of this pathway in HCC often preserves aspects of hepato-
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cyte identity despite malignant transformation. A characteristic of constitutive β-catenin
activation in HCC is a differentiated hepatocyte-like tumor phenotype. CTNNB1-mutated
tumors frequently demonstrate pseudoglandular architecture with intracellular or canalic-
ular bile accumulation [74]. Diffuse glutamine synthetase expression is observed and
commonly used as a surrogate marker of β-catenin pathway activation in clinical pathol-
ogy [75,76]. These tumors often display lower AFP expression relative to poorly differen-
tiated progenitor-like HCC subclasses. In addition to differentiated hepatocyte features,
β-catenin-active HCCs are increasingly recognized as a distinct immune-excluded molec-
ular subclass [77–79]. Molecular classification studies consistently demonstrate reduced
inflammatory signaling and diminished immune cell infiltration in CTNNB1-mutated
tumors. This propensity towards an immune-cold phenotype further distinguishes β-
catenin-active HCC from inflammatory or progenitor-like subclasses and has important
implications for therapeutic responsiveness.

2.2.2. Effects on Tumor Cell Behavior

Persistent β-catenin sustains a proliferative milieu that facilitates continued tumor
expansion; as it translocates to the nucleus, it functions as a transcriptional co-activator
inducing the expression of cell cycle progression genes such as cyclin D1 and myelocy-
tomatosis (MYC). β-catenin signaling contributes to tumor cell survival under stressful
microenvironmental conditions. Studies have demonstrated that β-catenin activation sup-
presses apoptotic signaling and enhances resistance to cellular stress, thereby promoting
tumor persistence during chronic liver injury and hepatocarcinogenesis [80]. Cooperative
interactions with additional oncogenic pathways, including phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) and mesenchymal–epithelial transition factor (MET) signal-
ing, further amplify these survival effects and contribute to aggressive tumor growth in
experimental models.

b-catenin signaling-mediated metabolic reprogramming such as altered glucose utiliza-
tion, glutamine metabolism, lipid metabolism, and oxidative stress responses may provide
selective growth advantages within metabolically stressed hepatic environments [81]. These
effects appear particularly relevant in metabolic dysfunction-associated steatotic liver disease
and metabolically associated steatohepatitis (MASH)-associated hepatocarcinogenesis, where
nutrient stress and lipid dysregulation contribute substantially to tumor development.

Despite some β-catenin-active tumors demonstrating differentiated hepatocyte-like
morphology, studies show that β-catenin signaling may also contribute to migration,
invasion, and epithelial–mesenchymal transition (EMT) [82,83]. These effects appear highly
context-dependent and are often mediated through cooperation with additional signaling
pathways including transforming growth factor-β (TGF-β), yes-associated protein (YAP),
and PI3K/AKT. In these settings, β-catenin signaling regulates transcriptional programs
associated with motility and extracellular matrix remodeling. These findings highlight
the importance of signaling context in determining whether β-catenin activation primarily
supports differentiated hepatocyte programs or more aggressive mesenchymal phenotypes.

2.2.3. Stemness, Plasticity and Dedifferentiation

β-catenin-driven transcription supports a progenitor-like phenotype [84–87], enabling
tumor initiation and plasticity, contributing to tumor heterogeneity, therapeutic resistance,
and recurrence. The Wnt/β-catenin signaling is vital in maintaining cancer stem cells
(CSCs) and tumor initiating cells (TICs). Studies have demonstrated that β-catenin activa-
tion in HCC may increase sphere-forming ability, tumor-initiating capacity, and expression
of stemness markers including epithelial cell adhesion molecule (EpCAM) and prominin-
1 (CD133) [88]. Non-coding RNAs further modulate β-catenin-mediated stemness and
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plasticity programs at the post-transcriptional level, allowing tumor cells to dynamically
transition between differentiated and stem-like states. Oncogenic miRNAs, including
miR-130a [89], miR-1246 [90], and miR-5188 [91], can enhance β-catenin signaling and thus
increase stemness, EMT, and resistance. Likewise, lncRNAs such as lncTCF7 sustain liver
cancer stem cells and promote tumor progression [92]. Conversely, tumor suppressive
miRNAs such as miR-34a [93,94] and miR-200 [95] family members attenuate β-catenin
activity, reducing self-renewal and invasive capacity.

The influence of these regulatory networks illustrates that stemness-associated phe-
notypes in HCC arise not from isolated β-catenin activation alone, but rather through
extensive pathway integration and transcriptional reprogramming. Cancer stem cells are
characterized by enhanced resistance to chemotherapy, targeted therapies, and immune-
mediated elimination. β-catenin signaling has been implicated in resistance to sorafenib
and immune checkpoint blockade, potentially through maintenance of stemness-associated
programs and immune exclusion phenotypes [96–99].

2.2.4. Tumor Microenvironment and Immune Consequences

In addition to its direct effects on tumor cells, constitutive β-catenin activation influences
the tumor microenvironment and immune landscape of HCC. One of the most clinically
significant observations in recent HCC literature is the strong association between β-catenin
activation and immune exclusion [100]. CTNNB1-mutated tumors frequently demonstrate
reduced infiltration of cytotoxic T cells, impaired dendritic cell recruitment, and diminished
antitumor immune responses, resulting in an immune-cold tumor phenotype.

Mechanistically, β-catenin signaling alters cytokine and chemokine networks involved
in immune cell recruitment and activation. Impaired dendritic cell infiltration may subse-
quently reduce T-cell priming and antitumor immune surveillance. Molecular classification
studies consistently identify β-catenin-active HCCs as a non-inflammatory tumor subtype,
further supporting the concept that β-catenin signaling contributes to immune evasion
during hepatocarcinogenesis [101]. Other pivotal studies highlight that β-catenin activation
is associated with reduced responsiveness to immune checkpoint blockade [101–104]. As
immune checkpoint inhibitors assume increasingly central roles in advanced HCC manage-
ment, understanding the mechanisms underlying β-catenin-associated immune exclusion
has become a major area of preclinical and translational research.

Beyond immune interactions, β-catenin signaling is also influenced by and contributes
to broader microenvironmental processes including fibrosis, hypoxia, and stromal re-
modeling. Most HCCs arise in chronically injured and fibrotic livers, where persistent
inflammatory signaling, extracellular matrix remodeling, and cytokine production shape
tumor behavior. Crosstalk between β-catenin signaling and pathways associated with
fibrosis and hypoxia may further support angiogenesis, metabolic adaptation, and tumor
progression within the chronically diseased hepatic microenvironment [105,106].

2.3. Crosstalk with Other Oncogenic Pathways

β-catenin signaling in HCC does not operate in isolation. Extensive crosstalk with
other oncogenic and inflammatory pathways shapes tumor behavior and therapeutic
vulnerabilities. Such signaling integration contributes substantially to the molecular hetero-
geneity observed among β-catenin-active HCCs.

2.3.1. Cooperative

Experimental models consistently demonstrate that activated β-catenin synergizes
with additional oncogenic drivers. Co-activation with c-MET signaling drives hepatocyte
proliferation, tumor initiation, and invasive behavior [107,108]. Mechanistically, c-MET
signaling converges on PI3K/AKT and mitogen-activated protein kinase (MAPK), key
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pathways regulating cellular proliferation and survival while simultaneously reinforcing
β-catenin transcriptional activity.

Integration with the PI3K/AKT/mammalian target of rapamycin (mTOR) axis repre-
sents an important node of crosstalk. AKT-mediated phosphorylation and inhibition of
GSK3β reduces β-catenin degradation, facilitating its stabilization and nuclear accumula-
tion [48]. β-catenin also interfaces with additional kinase-driven networks, including rat
sarcoma (RAS)/rapid accelerated fibrosarcoma (RAF)/MAPK signaling, through shared
upstream growth factor receptors and inflammatory mediators.

Crosstalk between β-catenin and Hippo signaling has also emerged as an important
driver of HCC progression. Loss of Hippo pathway activity results in YAP activation,
which cooperates with β-catenin to promote proliferation, stemness-associated phenotypes,
and tumor growth.

2.3.2. Context-Dependent

The effects of β-catenin are influenced by the metabolic, inflammatory, and immune
context in which signaling occurs. This context dependence contributes substantially to
the phenotypic heterogeneity observed among β-catenin-active HCCs. Integration with
metabolic and hepatocyte lineage-regulating networks can be seen through interactions
with transcriptional regulators such as hepatocyte nuclear factor 4-alpha (HNF4α) and
peroxisome proliferator-activated receptor (PPAR) family members [109–111]. Nuclear
factor erythroid 2-related factor 2 (NRF2) crosstalk is associated with enhanced metabolic
plasticity, antioxidant systems, and tumor cell survival under conditions of chronic hepatic
injury [112]. Redox balance may influence pathway activity, as elevated reactive oxy-
gen species (ROS) levels can suppress Wnt/β-catenin signaling through degradation of
key pathway components [113], whereas ROS-limiting mechanisms support β-catenin-
dependent stemness programs [114,115].

Hypoxic conditions common within advanced tumors enhance β-catenin transcrip-
tional activity through hypoxia-inducible factor-1α (HIF-1α)-dependent mechanisms [116],
while inflammatory signaling pathways including interleukin-6 (IL-6)/Janus kinase
(JAK)/signal transducer and activator of transcription 3 (STAT3) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) can augment Wnt signaling and promote
expression of β-catenin target genes [117–119]. These interactions reinforce proliferative
and survival programs and contribute to epithelial–mesenchymal transition, stemness-
associated phenotypes, and therapeutic adaptation.

β-catenin participates in bidirectional communication with the tumor microenvi-
ronment. Tumor-associated macrophages, particularly M2-polarized macrophages, se-
crete factors such as Tumor Necrosis Factor-α (TNF-α) that promote β-catenin activation,
epithelial–mesenchymal transition, and cancer stem cell maintenance [120]. As touched
on earlier, activated β-catenin remodels the immune microenvironment by suppressing
chemokine programs required for dendritic-cell recruitment and effective T-cell priming.

β-catenin signaling is further shaped by non-immune stromal elements. Hepatic
stellate cells (HSCs), the principal source of cancer-associated fibroblasts (CAFs) in liver
tumors, become activated in response to chronic injury and secrete TGF-β, PDGF, and
other fibrogenic mediators that both remodel the extracellular matrix (ECM) and modulate
Wnt/β-catenin signaling in adjacent tumor cells [121,122]. Hepatocyte–HSC crosstalk in
HCC is bidirectional, with β-catenin representing one signaling axis through which this
reciprocal relationship can be mediated [123]. ECM remodeling driven by CAFs and HSCs
alters matrix stiffness and integrin signaling, which can further potentiate β-catenin nuclear
localization [124]. β-catenin-active tumors are also characterized by altered angiogenic
programs, with endothelial cell interactions and VEGF-related signaling contributing to
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vascular remodeling in the tumor microenvironment, complementing the HIF-1α-driven
effects on β-catenin activity described above [106,125].

3. Mechanisms Linking β-Catenin to Drug Resistance
3.1. Generalized Mechanisms of Resistance

Activation of the Wnt/β-catenin signaling pathway, most commonly through CTNNB1
and AXIN1 mutations and other pathway perturbations, predominates in HCC. These
alterations drive β-catenin accumulation and its nuclear translocation, where it complexes
with TCF/LEF transcription factors to upregulate pro-survival and proliferative genes
that drive tumorigenesis. β-catenin signaling is also a key contributor to both innate and
acquired resistance against therapeutic regimens. One central mechanism underlying
this drug resistance is β-catenin-driven enrichment of CSCs [126], bolstered by epigenetic
silencing of β-catenin suppressors [127] and a self-sustaining ephrin type-B receptor 2
(EPHB2)/proto-oncogene tyrosine-protein kinase Src (SRC)/AKT/GSK3β positive feed-
back loop. Additionally, a diverse set of upstream activators converges on β-catenin
to promote resistance. Drug efflux transporters, such as ATP-Binding Cassette (ABC)
transporters, are known for mediating resistance in HCC by reducing the intracellular
accumulation of therapeutic agents. β-catenin acts as an upstream mediator of ABC trans-
porters, and inhibition of β-catenin signaling was found to enhance drug sensitivity via
transporter up-regulation [128]. Collectively, these mechanisms (stemness induction, EMT
promotion, crosstalk, and drug-efflux activation) position β-catenin as a central driver of
resistance to many conventional therapeutics in HCC.

3.2. Chemotherapy Resistance

In the clinic, hepatocellular carcinoma frequently resists chemotherapy despite inten-
sive dosing regimens. This paradox is driven by subtle molecular rewiring that shields
cancer cells from cytotoxic insults, and a persistently hyperactive β-catenin signaling path-
way sits at its core in HCC, endowing tumor cells with stem-like traits, metabolic resilience,
and anti-apoptotic defenses that render most cytotoxic agents ineffective.

Pharmacological activation of β-catenin via 6-bromoindirubin-3′-oxime, a GSK3β
inhibitor, was found to reduce growth inhibition of interferon-α/5-fluorouracil (IFN-α/5-
FU) combination therapy more than 50% in HCC cells and was able to restore DNA
synthesis. Nuclear accumulation of β-catenin drives expression of cancer stem cell markers
such as EpCAM, which was found to be a marker of non-response. These findings suggest
that activation of the Wnt/β-catenin signaling pathway induces chemoresistance to IFN-
α/5-FU therapy [129]. Furthermore, 5-FU itself has been found to amplify β-catenin
signaling, in turn enhancing stemness and resulting in chemotherapeutic response.

Prolonged exposure to anthracyclines, such as doxorubicin, results in acquired resis-
tance in HCC. The β-catenin/TCF transcription complex upregulates target genes zinc
finger E-box binding homeobox 1 (ZEB1), c-myc, and cyclin D1, promoting epithelial–
mesenchymal transition in HCC cells. The disruption of the interaction between β-catenin
and TCF and subsequent reduced expression of β-catenin target genes, resensitized HCC
cells to doxorubicin, suggesting Wnt/β-catenin signaling plays a critical role in this resis-
tance development [130].

Patients with cisplatin exposure and in turn acquired cisplatin resistance had ele-
vated miR-130a levels. There is evidence that miR-130a directly inhibits the expression
of runt-related transcription factor 3 (RUNX3), a known tumor suppressor gene, which
subsequently resulted in the activation of Wnt/β-catenin signaling and increased drug
resistance, suggesting cisplatin resistance is reinforced by β-catenin-linked pathways [89].
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3.3. Targeted Therapy Resistance

Approximately 30% of HCC patients are responsive to tyrosine kinase inhibitors,
the primary class of targeted therapies approved for advanced HCC, and the majority
of those cases develop resistance within six months of treatment [131]. Wnt/β-catenin
signaling plays a central role in mediating resistance to these TKIs; activated β-catenin
has been directly associated with sorafenib and regorafenib resistance in HCC patients,
and emerging evidence implicates the Wnt/β-catenin signaling pathway in lenvatinib and
cabozantinib resistance.

3.3.1. Sorafenib

Sorafenib is the most well-established example of β-catenin-linked TKI resistance
in HCC. Patient-derived ex vivo drug screening and subsequent tissue analysis found
higher nuclear β-catenin to be associated with worse outcomes and reduced sorafenib
response. These findings were further validated in vitro across a panel of HCC cell lines,
demonstrating that nuclear β-catenin levels correlated with sorafenib IC50 values. Inhibi-
tion of Wnt/β-catenin signaling, particularly by disrupting β-catenin’s interaction with
CREB-binding protein (CBP), increased apoptosis and restored sorafenib sensitivity [132].
Mechanistically, sorafenib resistance has been repeatedly linked to the persistence of CSCs.
Leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5)-positive CSCs express
high levels of lysine-specific demethylase 1 (LSD1/KDM1A), which inhibits the expression
of multiple β-catenin suppressors, and were designated as sorafenib resistant, and inhibi-
tion of KDM1A reduced β-catenin activity and re-sensitized the cells to sorafenib [127]. An
additional recurrent mechanism of β-catenin resistance is a positive feedback loop centered
on EPHB2. In HCC patient-derived xenografts resistant to sorafenib, EPHB2 is highly
expressed. EPHB2 activates the SRC/AKT/GSK3β/β-catenin signaling pathway and is
upregulated by TCF1, in turn establishing a positive feedback loop with the Wnt/β-catenin
signaling pathway [126]. Silencing of EPHB2 using short hairpin RNA resensitized HCC
tumors to sorafenib. Other mediators of sorafenib resistance also converge on the same
signaling pathway. Prospero-related homeobox 1 (PROX1) promotes sorafenib resistance
by enhancing β-catenin transcription and subsequent nuclear translocation [133]. Similarly,
NIMA-related kinase 2 (Nek2) and low-density lipoprotein receptor-related protein 8 (LRP8)
induce β-catenin activation and contribute to sorafenib resistance [134,135].

3.3.2. Regorafenib

While evidence for regorafenib is not as robust, findings indicate that β-catenin is
implicated in intrinsic regorafenib resistance but may not play a role in acquired or long-
term resistance. Karabicici et al. demonstrated this in vitro in HCC cell line Huh7, where
treatment of naïve cells with regorafenib activated Wnt/β-catenin signaling and increased
stem/progenitor markers. Furthermore, treatment with Wnt3a/R-Spondin-1 (R-Spo1), acti-
vators of the canonical Wnt/β-catenin pathway, mitigated the effect of regorafenib-induced
apoptosis. In contrast, long-term regorafenib treatment to establish a resistant cell line
resulted in diminished Wnt/β-catenin activity and enhanced TGF-β signaling in its place.
Together this evidence suggests that β-catenin mediates early stage stemness-linked resis-
tance to regorafenib, whereas long-term acquired regorafenib resistance may transition to
dependence on a TGF-β-driven EMT-like state [136]. Recent studies have shown that DNA
Topoisomerase II alpha (TOP2A) inhibition is capable of reversing regorafenib resistance in
HCC cells and connect the effects to the Wnt/β-catenin pathway [137].
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3.3.3. Levantinib

β-catenin has been found to contribute to stemness-linked levantinib resistance; how-
ever, this was specific to a subset of HCC cases rather than an all-encompassing mechanism
of resistance. Guo et al. demonstrated that interferon regulatory Factor 2 (IRF2) promotes
proliferation, reduces apoptosis, and increases levantinib resistance in HCC by regulating
β-catenin expression [138]. The role of β-catenin in resistance was further validated in a
more stem cell-focused HCC model, where FZD10 upregulation via methyltransferase-
like 3 (METTL3)-dependent m6A was responsible for activating β-catenin and YAP1,
driving tumorgenicity and self-renewal. The conclusion was that the FZD10/β-catenin/c-
Jun/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK)
axis determines the response of HCC cells to levantinib treatment, and inhibition of FZD10
or β-catenin restored levantinib sensitivity in multiple preclinical resistance models [139].
Clinical validation in a cohort of HCC patients treated with levantinib plus nivolumab re-
ported no statistically significant difference in tumor response rate in patients with CTNNB1
mutation, suggesting that, while β-catenin may be a driver of resistance in specific HCC
subsets, it cannot be used as a stand-alone predictor of levantinib response [140].

3.3.4. Cabozantinib

While cabozantinib, a second line TKI that acts as a dual MET and VEGFR2 inhibitor,
lacks any direct links to β-catenin-induced resistance, the literature indicates a potential
link in MET/β-catenin-driven HCC. An in vivo murine HCC model co-expressing c-MET
and ∆N90-β-catenin found that cabozantinib monotherapy did not reduce tumor burden;
however, cotreatment with cabozantinib and MLN0128, a dual mTOR inhibitor that targets
activated β-catenin effectors, led to reduced tumor burden [141]. Wnt/β-catenin activa-
tion often interacts with a second oncogenic signaling pathway rather than acting alone,
and in the context of cabozantinib that could mean β-catenin could act as a resistance-
enabling player that preserves proliferation and survival signaling rather than directly
driving resistance.

3.4. Immunotherapy Resistance

The stabilization and activation of β-catenin allows HCC tumors to undergo transcrip-
tional changes that drive immune evasion [101]. The most striking mechanistic consequence of
these β-catenin-mediated changes is the suppression of chemokines. The absence of these sig-
nals transforms the tumor microenvironment from an inflamed “hot” niche, to a “cold” zone
unable to recruit dendritic cells and where effector CD8+ T cells are unable to infiltrate [142].
Additionally, β-catenin can also downregulate the molecular machinery of exosome biogenesis
such as Ras-related protein Rab-27A (RAB27A) and syndecan-4 (SDC4) [143], limiting the
spread of tumor-related danger-associated molecular patterns that would otherwise heighten
the local immune microenvironment. Simultaneously, the transcriptional repression of in-
terferon regulatory factor 2 (IRF2) and POU Class 2 homeobox 1 (POU2F1) can erode type
I/II interferon signaling, depriving T cells of a molecular “on-switch” that drives their clonal
expansion [144]. Collectively, these pathway-level effects create a tumor-intrinsic barrier that
undermines a wide spectrum of immunotherapy strategies.

3.4.1. Anti-PD1 Therapy

The most well-established example of β-catenin-induced immunotherapy resistance
involves anti-PD1 immune checkpoint inhibitors (ICIs). A preclinical mouse HCC model
demonstrated that β-catenin-driven tumors were resistant to anti-PD1 therapy, while their
wild-type β-catenin tumors remained responsive [101]. Mechanistically, this resistance
was traced to defective dendritic cell recruitment and impaired T cell activity due to
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β-catenin inhibition of chemokine C-C motif ligand 5 (CCL5) expression [142]. This is
functionally significant because this response creates a tumor state that is intrinsically
less responsive to the checkpoint blockade. In a syngeneic mouse HCC model, the use of
RNAi trigger DCR-BCAT, which targets CTNNB1, significantly increased T cell infiltration
into the tumor microenvironment and lead to enhanced tumor sensitivity to anti-PD1
therapy [145]. Similarly, preclinical studies using delivery of β-catenin small interfering
RNA (siRNA) [146] and CBP/β-catenin inhibitor (ICG-001) [104] in combination with
anti-PD1 therapy showed reduced tumor burden. Clinically, prospective genotyping of
patients treated with anti-PD1 or anti-PDL1 therapies found that patients with CTNNB1 or
AXIN1 mutation experienced progressive disease and significantly shorter progression-free
survival [147]. In a separate clinical trial for an anti-PD1 monoclonal antibody, nivolumab,
two of the three patients with CTNNB1 mutations were non-responsive [148]. These
clinical findings have motivated the use of β-catenin-targeted therapies to restore anti-
PD1 sensitivity. A clinical trial combining the transducin β-like protein (TBL)/β-catenin
inhibitor tegavivint with pembrolizumab (NCT05797805) is currently ongoing.

3.4.2. Anti-PDL1 Therapy

Evidence demonstrating the role of β-catenin in resistance to anti-PDL1 therapy is less
direct as clinically it is rarely used as a monotherapy in HCC. Anti-PDL1 therapies are often
administered in combination with anti-VEGF therapy, such as atezolizumab (anti-PDL1)
plus bevacizumab (anti-VEGF). The IMbrave150 phase III clinical trial established this
combination as first-line standard of care with a response rate of about 30%, indicating
that some mechanism of innate resistance may exist [25,149]. Recent findings indicate
that β-catenin activation contributes to this primary resistance. A lipid nanoparticle-
encapsulated siRNA targeting CTNNB1 was found to cause alteration in both innate and
adaptive immunity β-catenin suppression, resulting in an enhanced ICI response via the
prevention of T cell exhaustion and lymphoid aggregate formation. In the IMbrave150
cohort, CTNNB1 mutational status was inversely correlated with expression of lymphoid
aggregate gene signatures, which are prognostic for survival [144]. Interestingly, a clinical
case report described a patient with multicentric HCC whose β-catenin-positive nodules
progressed on atezolizumab plus bevacizumab, while the β-catenin-negative nodules
responded. Additional molecular profiling confirmed that β-catenin expression correlated
with ICI resistance at the individual lesion level [150]. This was further validated in a
larger HCC patient cohort where β-catenin activation was inversely correlated with CD8+
T cell infiltration and PDL1 expression, and that PD-L1-negative tumors exhibited CTNNB1
mutations at a higher frequency (35%) than PD-L1-high tumors (21%) [151].

3.4.3. CTLA-4 Blockade and Combined Checkpoint Inhibitor Therapy

CTLA-4 blockade has also been used for therapeutic intervention in HCC, especially
tremelimumab-based regimens; however, to date the literature describing the role of β-
catenin in CTLA-4 blockade therapy resistance is limited. The proposed mechanism is that
Wnt/β-catenin driven immune exclusion likely limits the broader class of checkpoint in-
hibitors, like CTLA-4 blockade, not just the PD1/PD-L1 blockade. Similarly, in combination
immunotherapy, if β-catenin suppresses dendritic cell recruitment and T cell infiltration,
then the addition of a second immune checkpoint inhibitor may only modestly improve
efficacy, unless the immune exclusion state is able to be reversed. These findings further
highlight the increasing need to use CTNNB1 status as a potential exclusion biomarker for
ICI therapy in HCC.
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4. Therapeutic Strategies Targeting β-Catenin in HCC
Given the growing body of evidence on the critical role of β-catenin activation in HCC

progression, therapeutic resistance, immune exclusion, and metabolic reprogramming,
several strategies have been developed to intervene in the pathway at different levels.
These approaches include disruption of β-catenin transcriptional activity, inhibition of
upstream Wnt ligand–receptor signaling, stabilization of the β-catenin destruction complex,
and direct suppression of CTNNB1 expression using nucleic acid-based therapies [48].
While many of these strategies remain preclinical, they provide an important framework
for understanding how β-catenin-driven HCC may be therapeutically targeted, particularly
in combination with TKIs or immune checkpoint inhibitors (Figure 3).

 
Figure 3. Therapeutic strategies targeting β-catenin in HCC. This figure demonstrates the mechanisms
by which the four major categories of therapeutic strategies for targeting Wnt/β-catenin signaling
function. The four strategies include: β-catenin transcriptional activity via CBP and TCF interactions
with β-catenin, upstream Wnt signaling and β-catenin stability via Wnt or Frizzled antibodies
and PORCN, CXCR6, or Tankyrase inhibition, direct CTNNB1 suppression via antisense-mediated
CTNNB1 suppression and RNA interference, and immune and metabolic reprogramming via anti-
PD1/PD-L1 immunotherapy, restoring T cell infiltration, reversing immune evasion, and metabolic
reprogramming. Red lines indicate inhibition, green arrows indicate activation, and black indicates
the flow of the pathway and direction of action. APC, adenomatous polyposis coli; AXIN, axis
inhibition; CBP, CREB-binding protein; CK1α, Casein Kinase 1α; CXCR6, C-X-C Chemokine Receptor
6; EMT, epithelial–mesenchymal transition; FZD, Frizzled; GSK-3β, Glycogen Synthase Kinase-3β;
LRP5/6, Low-Density Lipoprotein Receptor-Related Proteins 5 and 6; PD1/PD-L1, Programmed Cell
Death Protein 1/Programmed Death Ligand 1; PORCN, Porcupine O-Acyltransferase; TCF/LEF,
T-cell factor/Lymphoid Enhancer-Binding Factor; TME, tumor microenvironment; TNK, Tankyrase.

The major therapeutic strategies targeting Wnt/β-catenin signaling, together with
their mechanisms of action, potential advantages, translational limitations, and current
stage of preclinical or clinical development, are summarized in Table 1.
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Table 1. Major therapeutic strategies targeting Wnt/β-catenin signaling.

Category Therapeutic Strategy Representative Agent(s) Mechanism Potential Advantages Major Limitations Development Status/Clinical Findings

β-Catenin
Transcriptional

Activity

β-Catenin–TCF/LEF
disruption PKF115-854; CGP049090

Disrupts
β-catenin–TCF/LEF

interaction and
suppresses canonical

transcription

Directly targets
downstream transcriptional
output; established proof of
principle for pharmacologic

β-catenin inhibition

Limited potency/selectivity;
off-target effects; no
successful clinical

development

Preclinical

Direct β-catenin–TCF
inhibition

FOG-001
(zolucatetide)

Directly disrupts
β-catenin–TCF

transcriptional complex

Acts downstream of
ligand/receptor signaling;

potentially relevant to
tumors with CTNNB1 or

other downstream
Wnt alterations

Therapeutic window,
optimal dose and durability

remain undefined;
mature HCC efficacy

data unavailable

Phase I/II, NCT05919264;
ongoing.

Dedicated HCC cohort included

β-Catenin–CBP inhibition ICG-001;
PRI-724

Disrupts β-catenin
interaction with CBP and

alters oncogenic
transcription

More selective
transcriptional modulation

than global β-catenin
depletion; may enhance

sorafenib-induced apoptosis

Limited monotherapy
activity; PRI-724 requires

prolonged IV infusion;
PK constraints

Early phase clinical development.
PRI-724 showed pharmacodynamic

activity but limited
monotherapy efficacy

Oral
β-catenin/CBP-directed

modulation
E7386 Inhibits β-catenin/CBP-

associated transcription

Oral administration;
downstream strategy

applicable to
CTNNB1-mutant disease;

amenable to
TKI/ICI combinations

Limited monotherapy
activity; nausea/vomiting;

interpatient PK
variability; biomarker
population unresolved

Phase I/Ib-II. No objective responses
with monotherapy in CTNNB1-mutant

HCC expansion; combination
development with lenvatinib

and pembrolizumab

BCL9 Cofactor inhibition hsBCL9Z96
Disrupts BCL9-dependent

β-catenin
transcriptional activity

May inhibit tumor signaling
while restoring antigen

presentation, macrophage
function and CD8+

infiltration; synergizes with
anti-PD-L1 in models

Peptide stability, tissue
penetration and

intracellular delivery; no
clinical validation

Preclinical

TBL1/β-catenin
inhibition Tegavivint (BC2059)

Binds TBL1 and disrupts
the TBL1–β-catenin

complex, preferentially
reducing transcriptionally

active
nuclear β-catenin

Downstream approach may
overcome ligand

independence; may spare
membrane/cytoplasmic

β-catenin;
biomarker-selected

activity reported

IV administration; anemia
and hyperbilirubinemia;

evidence
remains preliminary

Phase I/II, NCT05797805; ongoing.
Preliminary activity concentrated in

Wnt-pathway-altered HCC
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Table 1. Cont.

Category Therapeutic Strategy Representative Agent(s) Mechanism Potential Advantages Major Limitations Development Status/Clinical Findings

Upstream Wnt
Signaling &

β-Catenin Stability

Wnt-ligand neutralization Anti-Wnt2
antibodies

Neutralizes extracellular
Wnt ligand and prevents

receptor activation

Extracellular, potentially
selective strategy for

ligand-dependent tumors

Pathway redundancy;
unlikely to overcome

constitutive downstream
CTNNB1 activation

Preclinical in HCC

Frizzled receptor
blockade Vantictumab (OMP-18R5)

Antibody against
FZD1/2/5/7/8

prevents Wnt–Frizzled
signaling

Broad extracellular
inhibition of

ligand-dependent canonical
Wnt signaling

Fragility fractures and
skeletal toxicity; narrow

therapeutic index;
ineffective against

ligand-independent
downstream activation

Phase Ib development
discontinued/limited.

Bone-related toxicity constrained
further development

Wnt-ligand sequestration Ipafricept (OMP-54F28)
Soluble FZD8-Fc decoy

receptor sequesters
extracellular Wnt ligands

Broad ligand sequestration;
potential combination

strategy in
ligand-dependent disease

Bone-resorption changes
and fragility fractures;

ineffective in
ligand-independent tumors

Phase Ib HCC trial completed
(NCT02069145).

HCC efficacy results not posted; broader
development limited by bone toxicity

PORCN inhibition WNT974 (LGK974)
Inhibits

PORCN-mediated Wnt
palmitoylation and

secretion

Oral therapy; measurable
AXIN2 target engagement;

rational in
ligand-dependent Wnt

tumors

Limited activity in
CTNNB1/APC-driven
disease; dysgeusia and

skeletal/GI toxicity; target
engagement without robust

tumor responses

Phase I completed. No RECIST
responses in first-in-human study; SD in

a minority of patients

PORCN inhibition ± ICI ETC-159
(ETC-1922159)

Inhibits PORCN and Wnt
ligand secretion

Oral drug; strong AXIN2
suppression; combination
with ICI is mechanistically

attractive

Ligand dependence; β-CTX
elevation and reduced BMD;

limited monotherapy
efficacy

Phase Ia/Ib. Monotherapy: no objective
responses; ETC-159 + pembrolizumab:

1 PR and 5 SD among 15 evaluable
patients

Destruction-complex
stabilization

XAV939; G007-LK;
JW55

Tankyrase inhibition
stabilizes AXIN and
enhances β-catenin

degradation

Restores endogenous
destruction-complex

activity

May not overcome
degradation-resistant
CTNNB1 mutations;

normal-tissue Wnt effects
possible; no established

HCC clinical data

Preclinical in HCC

CXCR6 inhibition SBI-457

Reduces
CXCR6-associated p38
signaling, GSK3β Ser9
phosphorylation and

β-catenin
stabilization

May modulate
resistance-associated

β-catenin signaling without
global Wnt inhibition;

may attenuate
sorafenib-associated
pathway activation

Indirect mechanism;
evidence largely from cell

and xenograft models
Preclinical

Indirect/repurposed
pathway modulation

Aspirin,
indomethacin,

sulindac,
celecoxib; astaxanthin

Indirect COX-
dependent/independent

Wnt modulation or
promotion of

β-catenin degradation

Existing pharmacology
for some agents; potential

adjunctive approaches

Nonspecific effects; modest
activity; uncertain degree of

pathway inhibition; no
validated β-catenin-directed

role in HCC

Preclinical/exploratory
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Table 1. Cont.

Category Therapeutic Strategy Representative Agent(s) Mechanism Potential Advantages Major Limitations Development Status/Clinical Findings

Direct CTNNB1
Suppression

Antisense-mediated
CTNNB1 suppression

LNA antisense
oligonucleotides

Reduces CTNNB1 mRNA
and β-catenin protein

expression

Acts downstream of Wnt
ligand/receptor signaling;
potentially applicable to
CTNNB1-driven HCC

Delivery and tissue
penetration; suppression of

physiologic β-catenin;
durability and systemic

toxicity unresolved

Preclinical.
Reduced tumor growth in

CTNNB1-mutant models; activity
appears genotype-dependent

RNA interference CTNNB1 siRNA
Sequence-specific

degradation of
CTNNB1 mRNA

Direct targeting of
mutation-driven

downstream signaling;
avoids requirement for

a conventional
β-catenin-binding pocket

RNA instability,
intracellular delivery and

endosomal escape; potential
innate immune activation

Preclinical

Nanoparticle-mediated
RNA interference LNP-CTNNB1 siRNA

Lipid nanoparticles
deliver CTNNB1-directed

siRNA to tumor cells

Strong antitumor activity in
CTNNB1-mutant models;

can remodel metabolic state,
restore antigen presentation
and enhance ICI response

Tumor-selective
biodistribution,

heterogeneous intratumoral
exposure,

endosomal escape and
durability of knockdown;

no established
human HCC efficacy

Preclinical.
Tumor regression, metabolic

reprogramming and reversal of immune
exclusion demonstrated in HCC models

Immune &
Metabolic

Combination with
immune checkpoint

blockade

Anti-PD-1/anti-PD-L1 +
β-catenin-

directed therapy

β-Catenin inhibition may
restore inflammatory

signaling,
dendritic-cell/T-cell

recruitment and
responsiveness to ICI

Addresses both oncogenic
signaling and immune

exclusion; strong
mechanistic rationale

Most combination
evidence remains

preclinical or early phase;
appropriate biomarker

population
not yet established

Preclinical to early clinical. E7386,
ETC-159 and tegavivint combination
strategies under clinical investigation

Restoration of T-cell
infiltration/immune

reprogramming

CTNNB1 siRNA; BCL9
inhibition;

CBP inhibition

Restores
interferon-associated

signaling, antigen
presentation

and CD8+ T-cell
recruitment

May convert
immune-excluded

β-catenin-active HCC to a
more immune-responsive

phenotype

Clinical relevance of
immune reprogramming

remains unproven;
effects may be

context dependent

Predominantly preclinical

Metabolic
reprogramming CTNNB1 suppression

Disrupts
β-catenin-dependent

pericentral/zone 3
metabolic programs and
shifts tumor phenotype

toward zone 1/2-like state

Potentially targets a
defining metabolic

dependency of
CTNNB1-mutant HCC; may

complement targeted or
immune therapy

Metabolic consequences in
patients remain undefined;

no validated
metabolic companion

biomarker

Preclinical

This table summarizes the four major categories of therapeutic strategies for targeting Wnt/β-catenin signaling, including representative therapeutic agents for each
strategy and their specific mechanisms. The four major categories addressed in this table include: β-catenin transcriptional activity, upstream Wnt signaling and
β-catenin stability, direct CTNNB1 suppression, and immune and metabolic strategies. For each therapeutic agent, the table also compares potential advantages and
major limitations, along with the current clinical findings/developments discussed in the literature. APC, adenomatous polyposis coli; BCL9, B-cell Lymphoma 9; CBP,
CREB-binding protein; COX, cyclooxygenase; CXCR6, C-X-C Chemokine Receptor 6; HCC, hepatocellular carcinoma; ICI, immune checkpoint inhibitor; LEF, Lymphoid
Enhancer-Binding Factor; LNP, lipid nanoparticle; PD-1, Programmed Cell Death Protein 1; PD-L1, Programmed Death Ligand 1; PORCN, Porcupine O-Acyltransferase;
TBL1, Transducin B-Like Protein 1; TCF, T-cell factor; TKI, tyrosine kinase inhibitor.
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4.1. Targeting β-Catenin Transcriptional Activity
4.1.1. β-Catenin-TCF/LEF Disruption/Inhibition

Early attempts to therapeutically inhibit β-catenin focused on blocking its interaction
with TCF/LEF, the core transcriptional complex responsible for canonical Wnt target-gene
activation. Small-molecule inhibitors such as PKF115-854 and CGP049090 were identi-
fied through high-throughput screening and shown to disrupt β-catenin/TCF binding,
thereby suppressing β-catenin-dependent transcriptional programs [152]. In HCC models,
these compounds demonstrated dose-dependent antiproliferative and cytotoxic effects.
However, their clinical translation has been limited by modest potency, off-target effects,
and unfavorable pharmacokinetic properties. Despite these limitations, β-catenin/TCF-
disrupting compounds established proof of principle that transcriptional β-catenin activity
is druggable and provided the conceptual basis for more selective approaches.

A newer direct approach is FOG-001 (zolucatetide), which disrupts the β-catenin–TCF
interaction and is currently undergoing phase I/II evaluation in Wnt-pathway-activated
solid tumors, including an HCC cohort [153]. Clinical activity and the therapeutic window
in HCC remain under investigation.

4.1.2. β-Catenin-CBP Inhibition

A more refined transcriptional strategy involves disrupting the interaction between
β-catenin and CBP, a coactivator that supports β-catenin-driven oncogenic transcription.
ICG-001 and its clinical derivative PRI-724 selectively inhibit β-catenin/CBP binding with-
out directly disrupting β-catenin/TCF interactions [132]. This distinction is important
because CBP-associated β-catenin signaling has been linked to stemness, proliferation,
and therapeutic resistance. In preclinical HCC models, PRI-724 suppresses expression of
oncogenic β-catenin transcriptional targets, including c-Myc and survivin, and enhances
sorafenib-induced apoptosis. These findings are consistent with the resistance mecha-
nisms discussed above, where nuclear β-catenin activity and cancer stem cell persistence
contribute to reduced TKI sensitivity. Although early phase clinical studies of PRI-724
have shown acceptable safety, monotherapy activity has been limited, suggesting that CBP
inhibition is more likely to be effective as part of rational combination therapy rather than
as a stand-alone treatment.

4.1.3. β-Catenin/CBP-Directed Modulation

E7386 represents a more recent orally administered approach to β-catenin-directed
transcriptional modulation. In its first-in-human study, monotherapy demonstrated lim-
ited antitumor activity, including no objective responses in the CTNNB1-mutant HCC
expansion cohort, although disease stabilization was observed in a subset of patients [154].
Subsequent clinical development has therefore emphasized combination strategies, par-
ticularly with lenvatinib and immune checkpoint blockade. Early translational studies of
E7386 plus lenvatinib in HCC have demonstrated tumor regression in a subset of patients
and pharmacodynamic evidence of treatment-associated transcriptional and antiangio-
genic effects; however, the small cohort size and absence of comparative data preclude
definitive conclusions regarding clinical efficacy. Additional studies combining E7386
with pembrolizumab, with or without lenvatinib, have been completed, although mature
HCC-specific peer-reviewed efficacy data remain limited.

4.1.4. BCL9 Cofactor Inhibition

More recently, B-cell lymphoma 9 (BCL9) has emerged as another therapeutically rele-
vant co-transcriptional regulator of β-catenin. BCL9 facilitates full β-catenin transcriptional
activity and appears particularly important in linking β-catenin activation to immune sup-
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pression in HCC. Aberrant β-catenin signaling can repress IRF2- and POU2F1-dependent
interferon responses, reduce antigen presentation, and promote immune exclusion. BCL9
further contributes to an immunosuppressive tumor microenvironment by supporting
tumor-associated macrophage dysfunction through pathways such as bone morphogenetic
protein 4 (BMP4) and cluster of differentiation 24 (CD24)–sialic acid-binding Ig-like lectin
10 (SIGLEC10) [155]. Pharmacologic inhibition of BCL9 using the cell-penetrating peptide
hsBCL9Z96 has been shown to reprogram tumor-associated macrophages toward a more
inflammatory M1-like phenotype, restore antigen presentation, and increase CD8+ T-cell
infiltration. In vivo, BCL9 inhibition synergizes with anti-PD-L1 therapy, supporting the
concept that β-catenin transcriptional blockade may be useful not only for direct tumor
suppression but also for reversing immune checkpoint inhibitor resistance. However,
further optimization of peptide stability, delivery, biomarker selection, and HCC subtype
specificity will be required before this approach can be translated clinically.

4.1.5. TBL1/β-Catenin Inhibition

Tegavivint represents another downstream strategy and interferes with β-catenin
transcriptional activity through TBL1. Early phase I/II evaluation in advanced HCC has
provided preliminary evidence of activity, particularly in tumors harboring Wnt-pathway
alterations; these findings are discussed further in the context of biomarker selection
below [156].

4.2. Targeting Upstream Wnt Signaling and β-Catenin Stability
4.2.1. Extracellular Wnt Blockade

Targeting β-catenin activation upstream, either by blocking Wnt ligand–receptor en-
gagement or by promoting β-catenin degradation, offers another direct way to halt the
signaling cascade that fuels HCC [157]. Extracellular Wnt blockade includes neutralizing
antibodies against Wnt ligands and monoclonal antibodies against Frizzled receptors. For
example, anti-Wnt2 antibodies can reduce ligand-driven Wnt signaling, while Frizzled-
directed antibodies such as OMP-18R5/vantictumab prevent Wnt ligands from engaging
their receptors [158]. These approaches are most relevant in tumors where β-catenin acti-
vation remains ligand-dependent. However, their utility in HCC has been constrained by
pathway redundancy, toxicity, and a narrow therapeutic window, reflecting the physiologic
importance of Wnt signaling in tissue homeostasis and regeneration.

4.2.2. PORCN Inhibition

Small-molecule inhibitors of Wnt secretion and β-catenin stabilization have also been
explored. Porcupine O-acyltransferase (PORCN) inhibitors such as LGK-974/WNT-974 and
ETC-159 block Wnt ligand palmitoylation and secretion, thereby reducing upstream Wnt
pathway activation. These agents may be useful in ligand-dependent Wnt-driven tumors
and have been shown to enhance radiosensitivity in selected HCC models. However, their
activity is expected to be limited in CTNNB1-mutant HCC, where β-catenin activation
occurs downstream of ligand stimulation and is therefore relatively independent of Wnt
secretion [159]. Similarly, tankyrase inhibitors such as XAV939, G007-LK, and JW55 stabilize
AXIN and promote β-catenin degradation by reinforcing the destruction complex [160].
While effective in ligand-driven models, tankyrase inhibition is less likely to overcome
mutation-driven β-catenin activation, again emphasizing the importance of genotype and
pathway context when selecting Wnt-targeted strategies.

Clinical evaluation of PORCN inhibition has also included ETC-159 (ETC-1922159),
an orally administered inhibitor of Wnt ligand palmitoylation and secretion. In a first-in-
human phase I study, ETC-159 produced dose-dependent pharmacodynamic suppression
of Wnt signaling, including reductions in AXIN2 expression; however, no objective re-
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sponses were observed, although prolonged stable disease occurred in a small number
of patients [161]. Treatment was also associated with increased β-CTX and reductions
in bone mineral density in some patients, consistent with the on-target skeletal effects
of systemic Wnt inhibition [162]. Subsequent phase Ib evaluation of ETC-159 combined
with pembrolizumab demonstrated clinical benefit in a subset of patients, including one
partial response and five cases of stable disease among 15 evaluable patients, while main-
taining evidence of pathway inhibition through AXIN2 suppression [163]. These findings
support continued investigation of PORCN inhibition in combination strategies, although
the biological utility of this approach is expected to remain greatest in tumors that retain
ligand-dependent Wnt signaling rather than those driven by downstream CTNNB1 or APC
alterations [161].

4.2.3. CXCR6 Inhibition

Recent studies have shown that the overexpression and hyperactivation of C-X-C
chemokine receptor type 6 (CXCR6) and its ligand C-X-C chemokine ligand 16 (CXCL16) are
implicated in HCC progression and β-catenin stabilization [164–166]. CXCR6-knockdown
in HCC cell lines resulted in reduced p38 activity, decreased Ser-9 phosphorylation of
GSK3β, and diminished β-catenin accumulation [164]. A small-molecule CXCR6 antagonist,
SBI-457, was found to have favorable pharmacokinetics and antitumor activity in a murine
HCC xenograft model [167]. In a follow-up study, SBI-457 attenuated sorafenib induced
β-catenin upregulation and nuclear accumulation, suggesting CXCR6 antagonism via SBI-
457 can modulate β-catenin activation and could be useful target for upstream regulation
of Wnt/β-catenin signaling [166].

4.2.4. Indirect/Repurposed Pathway Modulation

Several clinically available or naturally derived compounds have also been reported
to modulate Wnt/β-catenin signaling. Nonsteroidal anti-inflammatory drugs, includ-
ing aspirin, indomethacin [168], sulindac [169], celecoxib [170], and related agents, may
exert indirect Wnt-inhibitory effects through cyclooxygenase (COX)-dependent and COX-
independent mechanisms. However, their antitumor activity in HCC has generally been
modest and has not established a validated therapeutic role. Natural compounds such
as astaxanthin have attracted interest because of their broader effects on oxidative stress,
metabolism, apoptosis, and β-catenin degradation. Recent preclinical work suggests that
astaxanthin can suppress HCC proliferation by promoting β-catenin ubiquitination and
degradation through inhibition of the deubiquitinase USP39 [171]. Although these com-
pounds are unlikely to replace direct pathway inhibitors, they highlight the possibility
that β-catenin activity may be therapeutically influenced through broader metabolic and
proteostatic mechanisms.

Clinical experience with upstream Wnt inhibition has reinforced concerns regarding
the therapeutic window of this strategy. Vantictumab, a monoclonal antibody targeting
multiple Frizzled receptors, was evaluated in combination regimens in pancreatic [172] and
breast cancers [173], where evidence of antitumor activity was accompanied by clinically
significant skeletal toxicity, including fragility fractures that ultimately limited further clini-
cal development. Ipafricept (OMP-54F28), a soluble FZD8-Fc decoy receptor that sequesters
Wnt ligands, similarly entered early phase solid-tumor studies, in which fragility fractures
and changes in bone-resorption markers were observed at higher exposures [174]. Ipafricept
was also evaluated with sorafenib in a completed phase Ib HCC trial (NCT02069145); how-
ever, results have not been posted in the trial registry, and we identified no peer-reviewed
efficacy report from this HCC study [175].
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4.3. Direct CTNNB1 Suppression Using Nucleic Acid-Based Therapeutics
4.3.1. Antisense-Mediated CTNNB1 Suppression

Because many β-catenin-activated HCCs harbor downstream CTNNB1 mutations,
direct suppression of β-catenin expression may offer a more precise strategy than upstream
ligand or receptor blockade. Early RNA interference approaches targeting Wnt ligands
have demonstrated measurable in vitro effects but were limited by delivery challenges
and insufficient in vivo validation [176]. Locked nucleic acid antisense oligonucleotides
directed against CTNNB1 showed greater promise, particularly in CTNNB1-mutant mouse
models, where β-catenin suppression reduced tumor growth. However, these effects appear
genotype-dependent, with more limited activity in β-catenin–wild-type tumors [177].

4.3.2. RNA Interference

More recent lipid nanoparticle-formulated siRNA approaches have substantially
strengthened the therapeutic rationale for direct CTNNB1 targeting. Lipid nanoparti-
cle (LNP)-encapsulated siRNA targeting CTNNB1 has shown robust antitumor activity
in CTNNB1-mutant HCC models, producing marked tumor regression and broader tu-
mor reprogramming. β-catenin knockdown shifts pericentral, zone 3-like tumor cells
toward a more differentiated zone 1/2 hepatocyte-like phenotype, suggesting that CTNNB1
suppression can remodel the metabolic identity of β-catenin-driven tumors rather than
simply inhibit proliferation. In parallel, CTNNB1 knockdown restores IRF2- and POU2F1-
dependent interferon signaling, enhances antigen presentation, promotes CD8+ T-cell
infiltration, and reverses immune exclusion. These immune effects are particularly im-
portant given the association between β-catenin activation and resistance to checkpoint
blockade. In preclinical models, LNP-CTNNB1 also synergizes with immune checkpoint
inhibitors, providing a strong rationale for combining direct β-catenin suppression with
immunotherapy in biomarker-selected HCC patients [144].

4.4. Targeting Immune and Metabolic Consequences of β-Catenin Activation

The therapeutic importance of β-catenin inhibition in HCC extends beyond direct sup-
pression of tumor-cell proliferation. β-catenin activation also shapes the tumor microenvi-
ronment by coordinating immune exclusion and lineage-associated metabolic programming,
two features that are increasingly recognized as major determinants of therapeutic resistance.
In β-catenin-activated HCC, suppression of IRF2- and POU2F1-dependent interferon sig-
naling reduces antigen-presentation capacity and limits effective CD8+ T-cell recruitment.
At the same time, activation of macrophage-directed immune-evasion programs, includ-
ing the CD24–SIGLEC10 axis, can impair tumor-associated macrophage phagocytosis and
reinforce an immunosuppressive microenvironment. These mechanisms provide a biolog-
ical basis for the clinical and preclinical observation that β-catenin-activated tumors often
behave as immunologically “cold” tumors with reduced sensitivity to immune checkpoint
blockade [144].

4.4.1. Immune Reprogramming

This immune phenotype also helps explain why different β-catenin-targeted ap-
proaches may have therapeutic value beyond their immediate effects on β-catenin tran-
scription. Direct CTNNB1 suppression, CBP inhibition, and BCL9 blockade have each been
shown in preclinical settings to interfere with β-catenin-dependent immune suppression.
Rather than simply reducing oncogenic Wnt output, these interventions may restore in-
terferon responsiveness, improve antigen presentation, increase CD8+ T-cell infiltration,
and shift tumor-associated macrophages toward a more inflammatory, M1-like state. In
this context, β-catenin inhibition may convert a tumor microenvironment that is poorly
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responsive to immune checkpoint inhibitors into one that is more permissive to antitumor
immunity. This provides a strong rationale for combining β-catenin-directed therapies
with anti-PD-1 or anti-PD-L1 strategies in biomarker-selected HCC.

4.4.2. Metabolic Reprogramming

In parallel, β-catenin activation maintains zonation-dependent metabolic programs
that contribute to tumor identity and therapeutic vulnerability. CTNNB1-mutant HCCs
frequently retain features of pericentral, zone 3-like hepatocyte biology, including metabolic
dependencies related to glutamine utilization, xenobiotic metabolism, and other β-catenin-
regulated liver zonation programs. Therapeutic suppression of β-catenin can reprogram
these tumors toward a more differentiated zone 1/2 hepatocyte-like state, suggesting
that β-catenin inhibition does not merely block growth signaling but can also remodel
the metabolic state of the tumor [178]. This concept is particularly important because
metabolic specialization may influence sensitivity to TKIs, immune checkpoint blockade,
and emerging metabolic therapies.

These observations support therapeutic strategies that exploit both the tumor-intrinsic
and microenvironmental consequences of β-catenin inhibition. Reversal of immune exclu-
sion and disruption of β-catenin-dependent metabolic programs provide a rationale for
combination approaches incorporating immune checkpoint blockade, TKIs, or metabolic
interventions. Their clinical utility, however, will depend on accurate identification of
β-catenin-dependent tumors and the ability to achieve sufficient pathway inhibition while
preserving physiologic Wnt/β-catenin functions.

4.5. Biomarker-Guided β-Catenin-Directed Therapy

Across mutational categories, evidence for clinical usefulness of biomarkers varies be-
tween mechanistic support and true clinical validation. Nuclear β-catenin, GS staining, and
CTNNB1/Wnt-pathway mutation tumors define an immune-excluded “cold” phenotype
that shows reduced response to checkpoint inhibitors [101,104]. Retrospective human co-
horts show enrichment of CTNNB1 mutations in a treatment-resistant “immune-exclusion”
class [179]. The molecular heterogeneity of HCC represents an important consideration in
the development of β-catenin-directed therapies. Wnt/β-catenin pathway activation may
arise through CTNNB1 gain-of-function mutations, alterations in AXIN1 or APC, increased
Wnt ligand–receptor signaling, or non-genetic mechanisms. Consequently, the therapeutic
level at which the pathway is targeted should ideally reflect the underlying mechanism of
pathway activation. Upstream approaches, including PORCN or Frizzled inhibition, would
be expected to have limited efficacy in tumors harboring constitutively active CTNNB1,
whereas direct β-catenin suppression or inhibition of nuclear transcriptional cofactors may
remain relevant in this molecular context.

4.5.1. Nuclear β-Catenin Accumulation and Glutamine Synthetase Expression

Genomic alterations alone, however, may not fully identify tumors with functional β-
catenin activation. Nuclear β-catenin accumulation and diffuse glutamine synthetase (GS)
expression are commonly used as tissue-based surrogates of Wnt/β-catenin pathway acti-
vation in HCC. Although clinicopathologic studies have demonstrated associations among
CTNNB1 mutations, nuclear β-catenin localization, and GS expression, the concordance be-
tween diffuse GS staining and exon 3 CTNNB1 mutation is incomplete [180]. Tissue-based
markers may therefore complement, rather than substitute for molecular profiling.

4.5.2. Genome Profiling

CTNNB1 and other Wnt-pathway alterations therefore represent candidate biomarkers
for molecular enrichment in clinical trials. Prospective genomic profiling of HCC demon-
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strated an association between activating Wnt/β-catenin alterations and primary resistance
to immune checkpoint blockade. Patients with pathway alterations had a disease-control
rate of 0%, compared with 53% among patients with Wnt-wild-type tumors, and a median
progression-free survival of 2.0 versus 7.4 months [147]. These findings support Wnt-
pathway alterations as a candidate for negative predictive biomarkers of immunotherapy
response while providing a rationale for evaluating β-catenin-directed therapies in this
molecular subgroup.

Early clinical experience with tegavivint, a downstream inhibitor of Wnt/β-catenin,
further supports a biomarker-enriched approach. In an ongoing trial of advanced HCC,
Wnt-pathway alterations were assessed using liquid biopsy, and clinical activity was pre-
dominantly observed among patients harboring pathway alterations, whereas substantial
benefit was not observed in patients without detectable Wnt-pathway alterations [156].
Although confirmation in larger prospective cohorts is required, these observations suggest
that alterations involving CTNNB1, AXIN1, APC, and related pathway components may
have potential utility as predictive biomarkers for downstream β-catenin inhibition rather
than serving solely as indicators of pathway activation. Additional functional biomarkers,
including AXIN2 expression, β-catenin target-gene signatures, circulating tumor DNA, and
pharmacodynamic alterations in downstream transcriptional targets, may provide further
evidence of pathway activity and therapeutic target engagement.

4.5.3. Molecular Profiling and Emerging Techniques

Recent advancements in high-resolution molecular profiling techniques beyond the
traditional bulk genomic and transcriptomic approaches have provided new avenues to
investigate the complexity of β-catenin-driven HCC tumors. Single-cell RNA sequencing
and spatial transcriptomic/proteomic approaches provide the ability to address hetero-
geneity within these tumors and evaluate how β-catenin activations affect cell populations
within these tumor environments. Integration of these techniques has identified distinct
CTNNB1-mutant hepatocyte populations and their response to β-catenin suppression. This
highlights the role of β-catenin signaling in HCC at a cellular and spatial level and its
effect on the TME and the immune-excluded phenotype often observed in this subset of
HCC tumors [144,181,182]. This multi-omic approach provides a clearer classification of
β-catenin-driven tumors as a singular technique may not capture the complete picture of
the functional state of β-catenin signaling within the tumor [183].

Furthermore, CRISPR-based functional screenings can use known associations from
molecular profiling and identify specific genes or pathways that are functionally required
for proliferation or therapeutic resistance [184,185]. Finally, the use of artificial intelligence
(AI)-based approaches allows for more complex and robust datasets of these techniques
to be evaluated to identify clinically meaningful subcategorizations of tumors expressing
β-catenin. Collectively, these approaches shift the field from defining β-catenin-driven
HCC by a singular genetic alteration to a more comprehensive functional classification,
allowing for more personalized treatment strategies.

4.5.4. The Non-Invasive Biomarker, EOB-MRI

In addition to these biopsy-based biomarkers, gadolinium ethoxybenzyl diethylen-
etriaminepentaacetic acid-enhanced magnetic resonance imaging (Gd-EOB-DTPA-MRI:
EOB-MRI) could provide a noninvasive technique for identifying HCC cases with activated
Wnt/β-catenin signaling [186]. During the hepatobiliary phase of HCC, the uptake of
gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid (gadoxetic acid) is primar-
ily mediated by the hepatocyte organic anion transporting polypeptide 1B3 (OATP1B3).
While the majority of HCC cases demonstrate reduced OATP1B3 expression and appear
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hypointense, tumors with activated Wnt/β-catenin signaling often exhibit an iso- or hyper-
intense appearance due to an increase in OATP1B3 expression [186,187]. Even though not
every Wnt/β-catenin-active tumor will have the same imaging phenotype, this association
between OATP1B3 expression and Wnt/β-catenin pathway activation could be useful in
the determination of therapeutic selection due to these tumors’ increased likelihood of
having an immune-excluded TME and reduced response to ICIs. EOB-MRI have been
implemented in identification of Wnt/β-catenin-active tumors; however, they are not a
definitive substitute for molecular testing [188].

An effective biomarker-guided strategy may therefore require integration of tumor
genotype, tissue phenotype, and functional pathway activity rather than reliance on any
single marker. Such an approach could distinguish ligand-dependent tumors potentially
amenable to upstream Wnt inhibition from mutation-driven tumors requiring downstream
β-catenin blockade. It may also identify β-catenin-active, immune-excluded tumors in
which combination with immune checkpoint inhibition is biologically rational. Prospective
biomarker-enriched studies will be required to determine whether these molecular and
phenotypic features have predictive utility independent of their prognostic associations.

4.6. Clinical Translation and Limitations of Systemic Wnt/β-Catenin Inhibition

Despite encouraging preclinical findings, clinical translation of Wnt/β-catenin-
directed therapies has been limited by the essential physiologic functions of this pathway
in normal adult tissues. Wnt signaling contributes to intestinal epithelial renewal, bone
remodeling, hematopoiesis, and tissue regeneration. Consequently, systemic pathway
inhibition may produce mechanism-based toxicities that reflect disruption of normal Wnt-
dependent homeostasis rather than nonspecific drug effects. This limitation is particularly
relevant to upstream inhibitors that suppress ligand-dependent signaling in both malig-
nant and nonmalignant tissues. The clinical development, efficacy signals, and principal
translational limitations of representative Wnt/β-catenin-directed agents are summarized
in Table 2.

Table 2. Clinical development and translational limitations of representative Wnt/β-catenin-directed
therapies.

Agent Target/Level of Inhibition Clinical Setting Trial/Status Major Findings Principal
Limitation/Toxicity

Vantictumab
(OMP-18R5)

FZD1/2/5/7/8 receptor
blockade

Metastatic
pancreatic cancer +
gemcitabine/nab-

paclitaxel

Phase Ib; terminated
because of

bone-safety concerns

Fragility fractures
occurred at 7 mg/kg;
dosing schedule had

to be modified

On-target skeletal
toxicity and narrow
therapeutic window

Vantictumab Frizzled receptor blockade
HER2-negative
breast cancer +

paclitaxel
Phase Ib; completed

ORR 31.3%; six
patients developed

fractures

Fracture incidence
limited further

clinical development

Ipafricept
(OMP-54F28)

FZD8-Fc decoy receptor;
Wnt-ligand sequestration

Advanced
solid tumors Phase I; completed

Target/pathway
modulation;

prolonged SD in
selected patients;

fragility fractures at
20 mg/kg

Bone-resorption
changes and fragility

fractures at
high exposure

Ipafricept +
sorafenib

Wnt-ligand sequestration +
multikinase inhibition HCC NCT02069145;

completed
Dedicated HCC

phase Ib trial

Mature
peer-reviewed

efficacy results have
not been identified;

clinical benefit
remains uncertain

WNT974/LGK974 PORCN inhibition; blocks
Wnt secretion

Wnt-dependent
advanced solid

tumors

NCT01351103;
Phase I; completed

n = 94; 0 objective
responses; SD 16%;
AXIN2 suppression

confirmed
pharmacodynamic

activity

Dysgeusia 50%;
pathway inhibition

did not translate
into substantial

monotherapy efficacy
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Table 2. Cont.

Agent Target/Level of Inhibition Clinical Setting Trial/Status Major Findings Principal
Limitation/Toxicity

WNT974 +
encorafenib +

cetuximab
PORCN + BRAF + EGFR

inhibition
BRAF V600E

metastatic CRC
NCT02278133; Phase
Ib/II; discontinued ORR 10%; DCR 85%

Bone toxicities in
9/20 patients;

insufficient evidence
of added efficacy;
safety and efficacy
concerns caused
discontinuation

PRI-724 CBP–β-catenin interaction
inhibition

Advanced solid
tumors ±

mFOLFOX6
NCT01302405; Phase

Ia/Ib; terminated

Grade 3
hyperbilirubinemia

DLT;
pharmacodynamic

survivin suppression

Seven-day
continuous IV

infusion; PK plateau
at higher doses; trial
terminated for low

enrollment, not
toxicity

E7386
monotherapy

β-catenin–CBP-directed
protein–protein interaction

inhibitor

Advanced tumors;
CTNNB1-mutant
HCC expansion

NCT03264664; Phase
I; active, not

recruiting

No objective
responses; SD 36.8%

overall and 2/6
CTNNB1-mutant

HCC patients

Nausea/vomiting
common; marked

interpatient PK
variability; limited

monotherapy efficacy

E7386 +
lenvatinib

β-catenin-directed
modulation +

VEGFR/FGFR multikinase
inhibition

Advanced HCC
NCT04008797; Phase

I/II; active, not
recruiting

Translational cohort:
3/7 patients showed
≥30% maximum
tumor-diameter

reduction;
ATF4/antiangiogenic

effects observed

Small clinical dataset
and no definitive

comparative
efficacy yet

E7386 +
pembrolizumab
± lenvatinib

β-catenin modulation +
checkpoint inhibition ±

TKI

Previously treated
HCC, melanoma

and CRC

NCT05091346; Phase
Ib/II; completed

89 patients enrolled;
registry results

posted

Full HCC-specific
peer-reviewed

efficacy publication
remains limited

Tegavivint
(BC2059)

TBL1 inhibition; disrupts
nuclear β-catenin

transcriptional signaling
Advanced HCC NCT05797805; Phase

I/II; ongoing

2026 dose-finding
data: in molecularly
selected Wnt-mutant

patients treated
within recommended

dose range and ≤3
previous lines, ORR

22%, DCR 89%,
median PFS 8 months

Grade 3 anemia at
higher dose;
reversible

hyperbilirubinemia
and anemia; results
remain preliminary

FOG-
001/zolucatetide

Direct β-catenin–TCF
interaction inhibitor

Wnt-pathway-
activated solid

tumors, including
HCC cohort

NCT05919264; Phase
I/II; recruiting

Direct downstream
β-catenin strategy;

HCC cohort included

HCC efficacy and
therapeutic window

remain
investigational; no

mature HCC
peer-reviewed

dataset

ETC-159/ETC-
1922159 PORCN inhibition

Advanced solid
tumors ±

pembrolizumab

NCT02521844; Phase
I; active, not

recruiting

Demonstrates
continued clinical
investigation of

ligand-dependent
Wnt blockade

Expected biological
limitation in tumors
with downstream

CTNNB1/APC
activation

This table provides a detailed review of representative therapeutic agents targeting Wnt/β-catenin
signaling, focusing on their clinical development and application. The table includes general details
regarding the target/level of inhibition, clinical setting, and trial/status associated with each agent.
It examines major findings and significant limitations/toxicities identified in both the literature
and clinical trials relevant to the respective agents. AXIN2, Axis Inhibition 2; CBP, CREB-binding
protein; FZD1, Frizzled 1; HCC, hepatocellular carcinoma; PFS, progression-free survival; PORCN,
Porcupine O-Acyltransferase; TBL1, Transducin B-Like Protein 1; TCF, T-cell factor; VEGFR, Vascular
Endothelial Growth Factor Receptor.

4.6.1. Frizzled Receptor and Wnt Ligand Inhibition Limitations

Clinical experience with upstream Wnt inhibition has reinforced concerns regarding
the therapeutic window of this strategy. Vantictumab [172] and ipafricept [173] have illus-
trated the challenge of achieving therapeutically meaningful inhibition of ligand-dependent
Wnt signaling while preserving the physiological Wnt activity required for skeletal home-
ostasis. Skeletal toxicity has been among the most consistently observed adverse effects of
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systemic Wnt inhibition. In the first-in-human study of the Frizzled-8 decoy receptor ipafri-
cept, increased markers of bone resorption and fragility fractures were observed at higher
drug exposures. Similar concerns emerged during clinical evaluation of the anti-Frizzled
antibody vantictumab, prompting incorporation of bone-turnover monitoring, dual-energy
X-ray absorptiometry, and prophylactic or therapeutic bisphosphonate administration into
subsequent protocols. Although such mitigation strategies may reduce fracture risk, bone
toxicity contributed to limitations in the clinical development of ipafricept. These obser-
vations illustrate the difficulty of achieving sustained antitumor Wnt inhibition without
perturbing normal Wnt-dependent skeletal homeostasis [174].

4.6.2. PORCN Inhibition Limitations

Clinical studies of PORCN inhibition have similarly demonstrated a disconnect be-
tween pharmacodynamic pathway suppression and antitumor efficacy. In a phase I study
of WNT974 involving 94 patients with advanced solid tumors, reduced AXIN2 expression
in skin and tumor biopsies provided evidence of pathway inhibition; however, no objective
responses according to RECIST criteria were observed, and stable disease was achieved in
only 16% of patients [189]. Dysgeusia occurred in approximately half of treated patients,
with additional gastrointestinal and bone-related adverse events reported. ETC-159 like-
wise produced dose-dependent pharmacodynamic inhibition of Wnt signaling but was
associated with increased β-CTX, a marker of bone resorption, and decreased bone mineral
density in some patients. Thus, systemic drug exposure and measurable target engagement
have not consistently been translated into meaningful antitumor activity. Combination
strategies have also been explored, including WNT974 with encorafenib and cetuximab in
BRAF V600E colorectal cancer; however, the development of this regimen was discontin-
ued after limited evidence of incremental efficacy together with continued safety concerns,
including bone toxicity [190].

4.6.3. β-Catenin Inhibition and Modulation Limitations

These considerations are particularly relevant to HCC, which frequently develops
in the setting of cirrhosis and impaired hepatic reserve. Drug-induced hepatotoxicity or
alterations in bilirubin metabolism may therefore have greater clinical consequences in
this population. Reversible grade 3 hyperbilirubinemia was observed with PRI-724 in
a phase I solid-tumor study, while reversible hyperbilirubinemia and anemia have been
reported in the ongoing clinical evaluation of tegavivint in HCC [191]. E7386 has been
associated with nausea and vomiting as well as substantial interpatient pharmacokinetic
variability. Accordingly, dose optimization in HCC requires consideration of both systemic
pathway-related toxicity and the reduced physiologic reserve associated with chronic
liver disease.

Pharmacokinetic and drug-delivery limitations vary according to therapeutic modal-
ity. Early β-catenin/TCF inhibitors were limited by suboptimal potency, selectivity, and
pharmacokinetic properties. PRI-724 requires continuous intravenous infusion, whereas
peptide-based BCL9 inhibitors face challenges related to stability, tissue penetration, and
intracellular delivery [155,191]. Nucleic acid-based approaches provide an alternative
means of overcoming the structural limitations of β-catenin as a conventional drug target
but introduce additional challenges related to tumor-selective delivery, endosomal escape,
durability of target suppression, and potential innate immune activation. Heterogeneous
intratumoral distribution may further result in incomplete target suppression and permit
persistence, or re-emergence of β-catenin-active tumor subclones [192].

An additional challenge arises from the signaling-independent functions of β-catenin
at adherens junctions, where it contributes to epithelial integrity. Global β-catenin deple-
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tion may therefore disrupt normal cell–cell adhesion in addition to suppressing oncogenic
transcription. Strategies that preferentially target the transcriptionally active nuclear pool
of β-catenin through cofactors such as TBL1, CBP, or BCL9 may provide a more favorable
therapeutic window than indiscriminate pathway inhibition. Early clinical activity ob-
served with tegavivint in biomarker-selected HCC provides preliminary support for this
approach, although further validation is required. More broadly, the limited efficacy and
mechanism-based toxicity observed with earlier Wnt-pathway inhibitors indicate that suc-
cessful clinical development will likely require molecular patient selection, tumor-selective
delivery, and rational combination strategies rather than uniform systemic suppression of
Wnt/β-catenin signaling.

5. Future Directions/Conclusions
Several fundamental questions remain regarding the role of β-catenin in tumorigenesis,

progression and therapeutic intervention of HCC. Further clarification as to the differential
biology of the gain-of-function CTNNB1 and loss-of-function AXIN1 mutation is necessary
as genetic studies have found these two mutations to be mutually exclusive within the
HCC population. The CTNNB1 mutation is often associated with the non-proliferative
group and relies on canonical β-catenin signaling, while the AXIN1 mutations often be-
long to the proliferative group and rely on YAP/NOTCH induction rather than β-catenin
activation [48,193,194]. Understanding these subclasses and the roles these mutations play
is essential in determining the therapeutic strategy necessary for patients demonstrating
this mutation. Additionally, understanding the role of Wnt ligands in CTNNB1 mutant
versus wild-type HCC tumors would provide some clarity into whether therapies target-
ing Wnt ligands might remain effective in these mutant populations [66]. Patients with
Wnt/β-catenin activation, specifically those with CTNNB1 mutations, have been found
to have a worse response to immunotherapies [147]. Interestingly, MASH-related HCCs
have also been found to be particularly resistant to immunotherapies. Since the status
of β-catenin in these cases has not been well characterized, it brings to question if this
pathway plays a critical role in this poor response [195]. Although approaches such as
gene editing and nucleic-acid based therapies for the major mutation CTNNB1 or the
gene as a whole are conceptually attractive, delivery challenges and the potential that
wild-type β-catenin is sufficient to support HCC progression remains a substantial hurdle
for this class of therapeutics. Finally, due to the essential role β-catenin plays in intestinal
stem cell renewal, systemic inhibition results in significant gastrointestinal adverse effects,
motivating the development of tumor-selective delivery systems and mutation-specific
targeting strategies.

Aberrant activation of β-catenin signaling is one of the frequent molecular events
in HCC, occurring in nearly a third of cases and driving a distinct tumor phenotype
characterized by cancer stemness, immune exclusion, metabolic reprogramming, and
broad-spectrum therapeutic resistance. The mechanisms linking β-catenin to therapeutic
resistance are becoming increasingly well defined, and the pathways crosstalk with other
oncogenic pathways, such as PI3K/AKT, RAS/MAPK, and YAP signaling, highlighting
the necessity for a combination approach to therapeutic intervention. β-catenin was histori-
cally considered undruggable due to its structural featurelessness, essential physiological
function and on-target toxicity, and multiple mutant forms rendering upstream targeting
relatively ineffective. β-catenin’s structure is rigid and flat with no deep hydrophobic
grooves or pockets that could be utilized for conventional drug target design [196]. It is
also a ubiquitously expressed protein with many essential cellular roles; therefore, systemic
inhibition would result in severe toxicity in normal tissues. Finally, mutations in β-catenin
can render it constitutively active and impervious to degradation, making any upstream

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 29 of 40

drug targets ineffective against these mutant forms [197]. This resulted in a shift in the
therapeutic landscape focusing on the use of specialized drug classes that overcome these
limitations. Helicons (alpha-helically constrained polypeptides) are synthetically stabilized
peptides that are able to bind to proteins with large, flat protein surfaces, like β-catenin [198].
Screening of Helicon libraries identified multiple binding families for β-catenin. PROTACs
(Proteolysis-Targeting Chimeras) could resolve the prior limitation of β-catenin escaping
degradation. These molecules are able to bind to protein targets and recruit E3 ubiquitin
ligases, marking the protein for proteasomal degradation [199]. A class of Helicons has even
been developed that is able to simultaneously bind to β-catenin and E3 ubiquitin ligases,
inducing a cooperative ternary complex [200]. While these new therapeutic methods better
address the drugability of β-catenin, they still result in off-target effects; therefore, the
development of tumor- and mutation-specific therapeutic options would eliminate this
limitation. The convergence of these new therapeutic options, deep molecular stratification
of tumors, and increased mechanistic understanding of resistance has positioned β-catenin
as one of the most promising precision targets in advanced HCC. The path forward lies
in biomarker-enriched clinical trials that pair these emerging therapies with the current
standards in the field tailored specifically for the molecular context of each patient’s tumor.
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Abbreviations
The following abbreviations are used in this manuscript

ABC ATP-Binding Cassette
AFP Alpha-fetoprotein
AKT Protein Kinase B
APC Adenomatous Polyposis Coli
AXIN Axis Inhibition
BCL9 B-cell Lymphoma 9
β-TrCP β-Transducin Repeat-Containing Protein
CAR Chimeric Antigen Receptor
CBP CREB-Binding Protein
CCA Cholangiocarcinoma
CCL5 Chemokine (C-C Motif) Ligand 5
CD24 Cluster of Differentiation 24
CD133 Prominin-1
CK1 Casein Kinase 1
COX Cyclooxygenase
CSCs Cancer Stem Cells
CTLA-4 Cytotoxic T-Lymphocyte-Associated Protein 4
CXCL16 C-X-C Chemokine Ligand 16
CXCR6 C-X-C Chemokine Receptor 6
EMT Epithelial–Mesenchymal Transition
EpCAM Epithelial Cell Adhesion Molecule
EPHB2 Ephrin Type-B Receptor 2
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ERK Extracellular Signal-Regulated Kinase
FZD Frizzled
GSK3β Glycogen Synthase Kinase-3β
HAIC Hepatic Arterial Infusion Chemotherapy
HCC Hepatocellular Carcinoma
HIF-1α Hypoxia-Inducible Factor-1α
HNF4α Hepatocyte Nuclear Factor 4α
ICIs Immune Checkpoint Inhibitors
IFN-α Interferon-α
IL-6 Interleukin-6
IRF Interferon Regulatory Factor
IRF2 Interferon Regulatory Factor 2
JAK Janus Kinase
LEF Lymphoid Enhancer-Binding Factor
LGR5 Leucine-Rich Repeat-Containing G-Protein-Coupled Receptor 5
LNP Lipid Nanoparticle
LRP5/6 Low-Density Lipoprotein Receptor-Related Proteins 5 and 6
LRP8 Low-Density Lipoprotein Receptor-Related Protein 8
LSD1 (KDM1A) Lysine-Specific Demethylase 1
MAFLD Metabolic Dysfunction-Associated Fatty Liver Disease
MAPK Mitogen-Activated Protein Kinase
MASH Metabolically Associated Steatohepatitis
MEK Mitogen-Activated Protein Kinase Kinase
MET Mesenchymal–Epithelial Transition factor
METTL3 Methyltransferase-Like 3
mTOR Mammalian Target of Rapamycin
MYC Myelocytomatosis Oncogene
NEK2 NIMA-Related Kinase 2
NF-κB Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
NRF2 Nuclear Factor Erythroid 2-Related Factor 2
OS Overall Survival
PD-1 Programmed Cell Death Protein 1
PD-L1 Programmed Death Ligand 1
PFS Progression-Free Survival
PI3K Phosphoinositide 3-Kinase
PORCN Porcupine O-Acyltransferase
POU2F1 POU Class 2 Homeobox 1
PPAR Peroxisome Proliferator-Activated Receptor
PROX1 Prospero-Related Homeobox 1
RAF Rapidly Accelerated Fibrosarcoma
RAB27A Ras-Related Protein Rab-27A
RAS Rat Sarcoma
ROS Reactive Oxygen Species
R-Spo1 R-Spondin-1
RUNX3 Runt-Related Transcription Factor 3
SDC4 Syndecan-4
SIGLEC10 Sialic Acid-Binding Ig-Like Lectin 10
siRNA Small Interfering RNA
SRC Proto-Oncogene Tyrosine-Protein Kinase Src
STAT3 Signal Transducer and Activator of Transcription 3
TACE Transarterial Chemoembolization
TBL Transducin β-Like Protein
TCF T-Cell Factor
TGF-β Transforming Growth Factor-β
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TICs Tumor-Initiating Cells
TKI Tyrosine Kinase Inhibitor
TNFα Tumor Necrosis Factor-α
VEGF Vascular Endothelial Growth Factor
VEGFR Vascular Endothelial Growth Factor Receptor
Wnt Wingless-Related Integration Site
YAP Yes-Associated Protein
ZEB1 Zinc Finger E-Box Binding Homeobox 1
5-FU 5-Fluorouracil

References
1. Siegel, R.L.; Kratzer, T.B.; Wagle, N.S.; Sung, H.; Jemal, A. Cancer statistics, 2026. CA A Cancer J. Clin. 2026, 76, e70043. [CrossRef]

[PubMed]
2. Rumgay, H.; Ferlay, J.; de Martel, C.; Georges, D.; Ibrahim, A.S.; Zheng, R.; Wei, W.; Lemmens, V.E.; Soerjomataram, I. Global,

regional and national burden of primary liver cancer by subtype. Eur. J. Cancer 2022, 161, 108–118. [CrossRef] [PubMed]
3. Kim, E.; Viatour, P. Hepatocellular carcinoma: Old friends and new tricks. Exp. Mol. Med. 2020, 52, 1898–1907. [CrossRef]

[PubMed]
4. Zhang, J.; Chen, G.; Zhang, P.; Zhang, J.; Li, X.; Gan, D.; Cao, X.; Han, M.; Du, H.; Ye, Y. The threshold of alpha-fetoprotein (AFP)

for the diagnosis of hepatocellular carcinoma: A systematic review and meta-analysis. PLoS ONE 2020, 15, e0228857. [CrossRef]
[PubMed]

5. Tzartzeva, K.; Obi, J.; Rich, N.E.; Parikh, N.D.; Marrero, J.A.; Yopp, A.; Waljee, A.K.; Singal, A.G. Surveillance Imaging and Alpha
Fetoprotein for Early Detection of Hepatocellular Carcinoma in Patients with Cirrhosis: A Meta-analysis. Gastroenterology 2018,
154, 1706–1718.e1. [CrossRef] [PubMed]

6. Kinsey, E.; Lee, H.M. Management of Hepatocellular Carcinoma in 2024: The Multidisciplinary Paradigm in an Evolving
Treatment Landscape. Cancers 2024, 16, 666. [CrossRef] [PubMed]

7. Gordan, J.D.; Kennedy, E.B.; Abou-Alfa, G.K.; Beal, E.; Finn, R.S.; Gade, T.P.; Goff, L.; Gupta, S.; Guy, J.; Hoang, H.T.; et al. Systemic
Therapy for Advanced Hepatocellular Carcinoma: ASCO Guideline Update. J. Clin. Oncol. 2024, 42, 1830–1850. [CrossRef]
[PubMed]

8. Lohitesh, K.; Chowdhury, R.; Mukherjee, S. Resistance a major hindrance to chemotherapy in hepatocellular carcinoma: An insight.
Cancer Cell Int. 2018, 18, 44. [CrossRef] [PubMed]

9. Burroughs, A.; Hochhauser, D.; Meyer, T. Systemic treatment and liver transplantation for hepatocellular carcinoma: Two ends of
the therapeutic spectrum. Lancet Oncol. 2004, 5, 409–418. [CrossRef] [PubMed]

10. Yeo, W.; Mok, T.S.; Zee, B.; Leung, T.W.T.; Lai, P.B.S.; Lau, W.Y.; Koh, J.; Mo, F.K.F.; Yu, S.C.H.; Chan, A.T.; et al. A Randomized
Phase III Study of Doxorubicin Versus Cisplatin/Interferon α-2b/Doxorubicin/Fluorouracil (PIAF) Combination Chemotherapy
for Unresectable Hepatocellular Carcinoma. JNCI J. Natl. Cancer Inst. 2005, 97, 1532–1538. [CrossRef] [PubMed]

11. Hamaya, S.; Oura, K.; Morishita, A.; Masaki, T. Cisplatin in Liver Cancer Therapy. Int. J. Mol. Sci. 2023, 24, 10858. [CrossRef]
[PubMed]

12. Park, J.Y.; Ahn, S.H.; Yoon, Y.J.; Kim, J.K.; Lee, H.W.; Lee, D.Y.; Chon, C.Y.; Moon, Y.M.; Han, K. Repetitive short-course hepatic
arterial infusion chemotherapy with high-dose 5-fluorouracil and cisplatin in patients with advanced hepatocellular carcinoma.
Cancer 2007, 110, 129–137. [CrossRef] [PubMed]

13. Kim, B.K.; Park, J.Y.; Choi, H.J.; Kim, D.Y.; Ahn, S.H.; Kim, J.K.; Lee, D.Y.; Lee, K.H.; Han, K.-H. Long-term clinical outcomes of
hepatic arterial infusion chemotherapy with cisplatin with or without 5-fluorouracil in locally advanced hepatocellular carcinoma.
J. Cancer Res. Clin. Oncol. 2010, 137, 659–667. [CrossRef] [PubMed]

14. Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.-F.; De Oliveira, A.C.; Santoro, A.; Raoul, J.-L.; Forner, A.; et al.
Sorafenib in Advanced Hepatocellular Carcinoma. N. Engl. J. Med. 2008, 359, 378–390. [CrossRef] [PubMed]

15. Wang, S.; Wang, Y.; Yu, J.; Wu, H.; Zhou, Y. Lenvatinib as First-Line Treatment for Unresectable Hepatocellular Carcinoma: A Systematic
Review and Meta-Analysis. Cancers 2022, 14, 5525. [CrossRef] [PubMed]

16. Wilhelm, S.M.; Dumas, J.; Adnane, L.; Lynch, M.; Carter, C.A.; Schütz, G.; Thierauch, K.; Zopf, D. Regorafenib (BAY 73-4506): A new
oral multikinase inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with potent preclinical antitumor activity.
Int. J. Cancer 2010, 129, 245–255. [CrossRef] [PubMed]

17. Abou-Alfa, G.K.; Meyer, T.; Cheng, A.-L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.-Y.; Cicin, I.; Merle, P.; Chen, Y.; Park, J.-W.; et al.
Cabozantinib in Patients with Advanced and Progressing Hepatocellular Carcinoma. N. Engl. J. Med. 2018, 379, 54–63. [CrossRef]
[PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.3322/caac.70043
https://www.ncbi.nlm.nih.gov/pubmed/41528114
https://doi.org/10.1016/j.ejca.2021.11.023
https://www.ncbi.nlm.nih.gov/pubmed/34942552
https://doi.org/10.1038/s12276-020-00527-1
https://www.ncbi.nlm.nih.gov/pubmed/33268834
https://doi.org/10.1371/journal.pone.0228857
https://www.ncbi.nlm.nih.gov/pubmed/32053643
https://doi.org/10.1053/j.gastro.2018.01.064
https://www.ncbi.nlm.nih.gov/pubmed/29425931
https://doi.org/10.3390/cancers16030666
https://www.ncbi.nlm.nih.gov/pubmed/38339417
https://doi.org/10.1200/jco.23.02745
https://www.ncbi.nlm.nih.gov/pubmed/38502889
https://doi.org/10.1186/s12935-018-0538-7
https://www.ncbi.nlm.nih.gov/pubmed/29568237
https://doi.org/10.1016/s1470-2045(04)01508-6
https://www.ncbi.nlm.nih.gov/pubmed/15231247
https://doi.org/10.1093/jnci/dji315
https://www.ncbi.nlm.nih.gov/pubmed/16234567
https://doi.org/10.3390/ijms241310858
https://www.ncbi.nlm.nih.gov/pubmed/37446035
https://doi.org/10.1002/cncr.22759
https://www.ncbi.nlm.nih.gov/pubmed/17508408
https://doi.org/10.1007/s00432-010-0917-5
https://www.ncbi.nlm.nih.gov/pubmed/20552225
https://doi.org/10.1056/nejmoa0708857
https://www.ncbi.nlm.nih.gov/pubmed/18650514
https://doi.org/10.3390/cancers14225525
https://www.ncbi.nlm.nih.gov/pubmed/36428618
https://doi.org/10.1002/ijc.25864
https://www.ncbi.nlm.nih.gov/pubmed/21170960
https://doi.org/10.1056/nejmoa1717002
https://www.ncbi.nlm.nih.gov/pubmed/29972759
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 32 of 40

18. Zhu, A.X.; Kang, Y.-K.; Yen, C.-J.; Finn, R.S.; Galle, P.R.; Llovet, J.M.; Assenat, E.; Brandi, G.; Pracht, M.; Lim, H.Y.; et al.
Ramucirumab after sorafenib in patients with advanced hepatocellular carcinoma and increased α-fetoprotein concentrations
(REACH-2): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2019, 20, 282–296. [CrossRef] [PubMed]

19. Zhang, H.; Zhang, W.; Jiang, L.; Chen, Y. Recent advances in systemic therapy for hepatocellular carcinoma. Biomark. Res. 2022,
10, 3. [CrossRef] [PubMed]

20. Lu, C.; Rong, D.; Zhang, B.; Zheng, W.; Wang, X.; Chen, Z.; Tang, W. Current perspectives on the immunosuppressive tumor
microenvironment in hepatocellular carcinoma: Challenges and opportunities. Mol. Cancer 2019, 18, 130. [CrossRef] [PubMed]

21. Yau, T.; Park, J.-W.; Finn, R.S.; Cheng, A.-L.; Mathurin, P.; Edeline, J.; Kudo, M.; Harding, J.J.; Merle, P.; Rosmorduc, O.; et al.
Nivolumab versus sorafenib in advanced hepatocellular carcinoma (CheckMate 459): A randomised, multicentre, open-label,
phase 3 trial. Lancet Oncol. 2022, 23, 77–90. [CrossRef] [PubMed]

22. Qin, S.; Chen, Z.; Fang, W.; Ren, Z.; Xu, R.; Ryoo, B.-Y.; Meng, Z.; Bai, Y.; Chen, X.; Liu, X.; et al. Pembrolizumab Versus Placebo as
Second-Line Therapy in Patients from Asia with Advanced Hepatocellular Carcinoma: A Randomized, Double-Blind, Phase III
Trial. J. Clin. Oncol. 2023, 41, 1434–1443. [CrossRef] [PubMed]

23. Saung, M.T.; Pelosof, L.; Casak, S.; Donoghue, M.; Lemery, S.; Yuan, M.; Rodriguez, L.; Schotland, P.; Chuk, M.; Davis, G.; et al.
FDA Approval Summary: Nivolumab Plus Ipilimumab for the Treatment of Patients with Hepatocellular Carcinoma Previously
Treated with Sorafenib. Oncologist 2021, 26, 797–806. [CrossRef] [PubMed]

24. Yau, T.; Galle, P.R.; Decaens, T.; Sangro, B.; Qin, S.; da Fonseca, L.G.; Karachiwala, H.; Blanc, J.-F.; Park, J.-W.; Gane, E.; et al.
Nivolumab plus ipilimumab versus lenvatinib or sorafenib as first-line treatment for unresectable hepatocellular carcinoma
(CheckMate 9DW): An open-label, randomised, phase 3 trial. Lancet 2025, 405, 1851–1864. [CrossRef] [PubMed]

25. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef] [PubMed]

26. Sinner, F.; Pinter, M.; Scheiner, B.; Ettrich, T.J.; Sturm, N.; Gonzalez-Carmona, M.A.; Waidmann, O.; Finkelmeier, F.; Himmelsbach,
V.; De Toni, E.N.; et al. Atezolizumab Plus Bevacizumab in Patients with Advanced and Progressing Hepatocellular Carcinoma:
Retrospective Multicenter Experience. Cancers 2022, 14, 5966. [CrossRef] [PubMed]

27. Kelley, R.K.; Rimassa, L.; Cheng, A.-L.; Kaseb, A.; Qin, S.; Zhu, A.X.; Chan, S.L.; Melkadze, T.; Sukeepaisarnjaroen, W.; Breder, V.; et al.
Cabozantinib plus atezolizumab versus sorafenib for advanced hepatocellular carcinoma (COSMIC-312): A multicentre, open-label,
randomised, phase 3 trial. Lancet Oncol. 2022, 23, 995–1008. [CrossRef] [PubMed]

28. Qin, S.; Chan, S.L.; Gu, S.; Bai, Y.; Ren, Z.; Lin, X.; Chen, Z.; Jia, W.; Jin, Y.; Guo, Y.; et al. Camrelizumab plus rivoceranib versus
sorafenib as first-line therapy for unresectable hepatocellular carcinoma (CARES-310): A randomised, open-label, international
phase 3 study. Lancet 2023, 402, 1133–1146. [CrossRef] [PubMed]

29. Abou-Alfa, G.K.; Lau, G.; Kudo, M.; Chan, S.L.; Kelley, R.K.; Furuse, J.; Sukeepaisarnjaroen, W.; Kang, Y.-K.; Van Dao, T.; De
Toni, E.N.; et al. Tremelimumab plus Durvalumab in Unresectable Hepatocellular Carcinoma. NEJM Evid. 2022, 1. [CrossRef]
[PubMed]

30. Kelley, R.K.; Sangro, B.; Harris, W.; Ikeda, M.; Okusaka, T.; Kang, Y.-K.; Qin, S.; Tai, D.W.-M.; Lim, H.Y.; Yau, T.; et al. Safety,
Efficacy, and Pharmacodynamics of Tremelimumab Plus Durvalumab for Patients with Unresectable Hepatocellular Carcinoma:
Randomized Expansion of a Phase I/II Study. J. Clin. Oncol. 2021, 39, 2991–3001. [CrossRef] [PubMed]

31. Ozer, M.; Goksu, S.Y.; Akagunduz, B.; George, A.; Sahin, I. Adoptive Cell Therapy in Hepatocellular Carcinoma: A Review of
Clinical Trials. Cancers 2023, 15, 1808. [CrossRef] [PubMed]

32. Jeng, L.-B.; Liao, L.-Y.; Shih, F.-Y.; Teng, C.-F. Dendritic-Cell-Vaccine-Based Immunotherapy for Hepatocellular Carcinoma: Clinical
Trials and Recent Preclinical Studies. Cancers 2022, 14, 4380. [CrossRef] [PubMed]

33. Zhu, L.; Lei, Y.; Huang, J.; An, Y.; Ren, Y.; Chen, L.; Zhao, H.; Zheng, C. Recent advances in oncolytic virus therapy for
hepatocellular carcinoma. Front. Oncol. 2023, 13, 1172292. [CrossRef] [PubMed]

34. Pond, K.W.; Doubrovinski, K.; Thorne, C.A. Wnt/β-catenin Signaling in Tissue Self-Organization. Genes 2020, 11, 939. [CrossRef]
[PubMed]

35. Söderholm, S.; Cantù, C. The WNT/β-catenin dependent transcription: A tissue-specific business. Wiley Interdiscip. Rev. Syst.
Biol. Med. 2020, 13, e1511. [CrossRef] [PubMed]

36. Valenta, T.; Hausmann, G.; Basler, K. The many faces and functions of β-catenin. EMBO J. 2012, 31, 2714–2736. [CrossRef]
[PubMed]

37. Xing, Y.; Takemaru, K.-I.; Liu, J.; Berndt, J.D.; Zheng, J.J.; Moon, R.T.; Xu, W. Crystal Structure of a Full-Length β-Catenin. Structure
2008, 16, 478–487. [CrossRef] [PubMed]

38. Huber, A.H.; Nelson, W.; Weis, W.I. Three-Dimensional Structure of the Armadillo Repeat Region of β-Catenin. Cell 1997, 90,
871–882. [CrossRef] [PubMed]

39. Pokutta, S.; Weis, W.I. Structure of the Dimerization and β-Catenin- Binding Region of α-Catenin. Mol. Cell 2000, 5, 533–543.
[CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1016/s1470-2045(18)30937-9
https://www.ncbi.nlm.nih.gov/pubmed/30665869
https://doi.org/10.1186/s40364-021-00350-4
https://www.ncbi.nlm.nih.gov/pubmed/35000616
https://doi.org/10.1186/s12943-019-1047-6
https://www.ncbi.nlm.nih.gov/pubmed/31464625
https://doi.org/10.1016/s1470-2045(21)00604-5
https://www.ncbi.nlm.nih.gov/pubmed/34914889
https://doi.org/10.1200/jco.22.00620
https://www.ncbi.nlm.nih.gov/pubmed/36455168
https://doi.org/10.1002/onco.13819
https://www.ncbi.nlm.nih.gov/pubmed/33973307
https://doi.org/10.1016/s0140-6736(25)00403-9
https://www.ncbi.nlm.nih.gov/pubmed/40349714
https://doi.org/10.1056/nejmoa1915745
https://www.ncbi.nlm.nih.gov/pubmed/32402160
https://doi.org/10.3390/cancers14235966
https://www.ncbi.nlm.nih.gov/pubmed/36497447
https://doi.org/10.1016/s1470-2045(22)00326-6
https://www.ncbi.nlm.nih.gov/pubmed/35798016
https://doi.org/10.1016/s0140-6736(23)00961-3
https://www.ncbi.nlm.nih.gov/pubmed/37499670
https://doi.org/10.1056/evidoa2100070
https://www.ncbi.nlm.nih.gov/pubmed/38319892
https://doi.org/10.1200/jco.20.03555
https://www.ncbi.nlm.nih.gov/pubmed/34292792
https://doi.org/10.3390/cancers15061808
https://www.ncbi.nlm.nih.gov/pubmed/36980692
https://doi.org/10.3390/cancers14184380
https://www.ncbi.nlm.nih.gov/pubmed/36139542
https://doi.org/10.3389/fonc.2023.1172292
https://www.ncbi.nlm.nih.gov/pubmed/37182136
https://doi.org/10.3390/genes11080939
https://www.ncbi.nlm.nih.gov/pubmed/32823838
https://doi.org/10.1002/wsbm.1511
https://www.ncbi.nlm.nih.gov/pubmed/33085215
https://doi.org/10.1038/emboj.2012.150
https://www.ncbi.nlm.nih.gov/pubmed/22617422
https://doi.org/10.1016/j.str.2007.12.021
https://www.ncbi.nlm.nih.gov/pubmed/18334222
https://doi.org/10.1016/s0092-8674(00)80352-9
https://www.ncbi.nlm.nih.gov/pubmed/9298899
https://doi.org/10.1016/s1097-2765(00)80447-5
https://www.ncbi.nlm.nih.gov/pubmed/10882138
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 33 of 40

40. Benjamin, J.M.; Kwiatkowski, A.V.; Yang, C.; Korobova, F.; Pokutta, S.; Svitkina, T.; Weis, W.I.; Nelson, W.J. αE-catenin regulates
actin dynamics independently of cadherin-mediated cell–cell adhesion. J. Cell Biol. 2010, 189, 339–352. [CrossRef] [PubMed]

41. Polakis, P. Wnt signaling and cancer. Genes Dev. 2000, 14, 1837–1851. [CrossRef]
42. Zhan, T.; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2016, 36, 1461–1473. [CrossRef] [PubMed]
43. Jing, L.; Wang, H.; Xia, S.; Shao, Q. Wnt/Ca2+ signaling: Dichotomous roles in regulating tumor progress (Review). Oncol. Lett.

2025, 30, 399. [CrossRef] [PubMed]
44. Serra, R.; Easter, S.L.; Jiang, W.; Baxley, S.E. Wnt5a as an Effector of TGFβ in Mammary Development and Cancer. J. Mammary

Gland Biol. Neoplasia 2011, 16, 157–167. [CrossRef] [PubMed]
45. Yuzugullu, H.; Benhaj, K.; Ozturk, N.; Senturk, S.; Celik, E.; Toylu, A.; Tasdemir, N.; Yilmaz, M.; Erdal, E.; Akcali, K.C.; et al.

Canonical Wnt signaling is antagonized by noncanonical Wnt5a in hepatocellular carcinoma cells. Mol. Cancer 2009, 8, 90.
[CrossRef] [PubMed]

46. Liu, J.; Xiao, Q.; Xiao, J.; Niu, C.; Li, Y.; Zhang, X.; Zhou, Z.; Shu, G.; Yin, G. Wnt/β-catenin signalling: Function, biological
mechanisms, and therapeutic opportunities. Signal Transduct. Target. Ther. 2022, 7, 3. [CrossRef] [PubMed]

47. Li, Q.; Sun, M.; Wang, M.; Feng, M.; Yang, F.; Li, L.; Zhao, J.; Chang, C.; Dong, H.; Xie, T.; et al. Dysregulation of Wnt/β-catenin
signaling by protein kinases in hepatocellular carcinoma and its therapeutic application. Cancer Sci. 2021, 112, 1695–1706.
[CrossRef] [PubMed]

48. Xu, C.; Xu, Z.; Zhang, Y.; Evert, M.; Calvisi, D.F.; Chen, X. β-Catenin signaling in hepatocellular carcinoma. J. Clin. Investig. 2022,
132, e154515. [CrossRef] [PubMed]

49. Jönsson, M.; Borg, Å.; Nilbert, M.; Andersson, T. Involvement of adenomatous polyposis coli (APC)/β-catenin signalling in
human breast cancer. Eur. J. Cancer 2000, 36, 242–248. [CrossRef] [PubMed]

50. Sang Park, W.; Ra Oh, R.; Young Park, J.; Joon Kim, P.; Sun Shin, M.; Heun Lee, J.; Sug Kim, H.; Hyung Lee, S.; Young Kim, S.;
Gyu Park, Y.; et al. Nuclear Lo-calization of β-Catenin Is an Important Prognostic Factor in Hepatoblastoma. J. Pathol. 2001, 193,
483–490.

51. Clements, W.M.; Wang, J.; Sarnaik, A.; Kim, O.J.; MacDonald, J.; Fenoglio-Preiser, C.; Groden, J.; Lowy, A.M. β-Catenin mutation
is a frequent cause of Wnt pathway activation in gastric cancer. Cancer Res. 2002, 62, 3503–3506. [PubMed]

52. Inagawa, S.; Itabashi, M.; Adachi, S.; Kawamoto, T.; Hori, M.; Shimazaki, J.; Yoshimi, F.; Fukao, K. Expression and prognostic
roles of β-catenin in hepatocellular carcinoma: Correlation with tumor progression and postoperative survival. Clin. Cancer Res.
2002, 8, 450–456. [PubMed]

53. Zeng, G.; Germinaro, M.; Micsenyi, A.; Monga, N.K.; Bell, A.; Sood, A.; Malhotra, V.; Sood, N.; Midda, V.; Monga, D.K.; et al.
Aberrant Wnt/β-Catenin Signaling in Pancreatic Adenocarcinoma. Neoplasia 2006, 8, 279–289. [CrossRef] [PubMed]

54. Russell, J.O.; Monga, S.P. Wnt/β-Catenin Signaling in Liver Development, Homeostasis, and Pathobiology. Annu. Rev. Pathol.
Mech. Dis. 2018, 13, 351–378. [CrossRef] [PubMed]

55. Ding, X.; Yang, Y.; Han, B.; Du, C.; Xu, N.; Huang, H.; Cai, T.; Zhang, A.; Han, Z.-G.; Zhou, W.; et al. Transcriptomic
Characterization of Hepatocellular Carcinoma with CTNNB1 Mutation. PLoS ONE 2014, 9, e95307. [CrossRef] [PubMed]

56. Rebouissou, S.; Franconi, A.; Calderaro, J.; Letouzé, E.; Imbeaud, S.; Pilati, C.; Nault, J.; Couchy, G.; Laurent, A.; Balabaud, C.; et al.
Genotype-phenotype correlation of CTNNB1 mutations reveals different ß-catenin activity associated with liver tumor progression.
Hepatology 2016, 64, 2047–2061. [CrossRef] [PubMed]

57. Loesch, R.; Caruso, S.; Paradis, V.; Godard, C.; Gougelet, A.; Renault, G.; Picard, S.; Tanaka, I.; Renoux-Martin, Y.; Perret, C.; et al.
Deleting the β-catenin degradation domain in mouse hepatocytes drives hepatocellular carcinoma or hepatoblastoma-like tumor
growth. J. Hepatol. 2022, 77, 424–435. [CrossRef] [PubMed]

58. Lee, J.-S. The mutational landscape of hepatocellular carcinoma. Clin. Mol. Hepatol. 2015, 21, 220–229. [CrossRef] [PubMed]
59. Bengochea, A.; de Souza, M.M.; Lefrançois, L.; Le Roux, E.; Galy, O.; Chemin, I.; Kim, M.; Wands, J.R.; Trepo, C.; Hainaut, P.; et al.

Common dysregulation of Wnt/Frizzled receptor elements in human hepatocellular carcinoma. Br. J. Cancer 2008, 99, 143–150.
[CrossRef] [PubMed]

60. Liu, L.-J.; Xie, S.-X.; Chen, Y.-T.; Xue, J.-L.; Zhang, C.-J.; Zhu, F. Aberrant regulation of Wnt signaling in hepatocellular carcinoma.
World J. Gastroenterol. 2016, 22, 7486–7499. [CrossRef] [PubMed]

61. Huang, Z.; Zhou, J.-K.; Peng, Y.; He, W.; Huang, C. The role of long noncoding RNAs in hepatocellular carcinoma. Mol. Cancer
2020, 19, 77. [CrossRef] [PubMed]

62. Wei, Y.; Van Nhieu, J.T.; Prigent, S.; Srivatanakul, P.; Tiollais, P.; Buendia, M.-A. Altered expression of E-cadherin in hepatocellular
carcinoma: Correlations with genetic alterations, β-catenin expression, and clinical features. Hepatology 2002, 36, 692–701.
[CrossRef] [PubMed]

63. Lin, W.-H.; Cooper, L.M.; Anastasiadis, P.Z. Cadherins and catenins in cancer: Connecting cancer pathways and tumor microenvi-
ronment. Front. Cell Dev. Biol. 2023, 11, 1137013. [CrossRef] [PubMed]

64. Kam, Y.; Quaranta, V. Cadherin-Bound β-Catenin Feeds into the Wnt Pathway upon Adherens Junctions Dissociation: Evidence
for an Intersection between β-Catenin Pools. PLoS ONE 2009, 4, e4580. [CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1083/jcb.200910041
https://www.ncbi.nlm.nih.gov/pubmed/20404114
https://doi.org/10.1101/gad.14.15.1837
https://doi.org/10.1038/onc.2016.304
https://www.ncbi.nlm.nih.gov/pubmed/27617575
https://doi.org/10.3892/ol.2025.15145
https://www.ncbi.nlm.nih.gov/pubmed/40606304
https://doi.org/10.1007/s10911-011-9205-5
https://www.ncbi.nlm.nih.gov/pubmed/21416313
https://doi.org/10.1186/1476-4598-8-90
https://www.ncbi.nlm.nih.gov/pubmed/19849855
https://doi.org/10.1038/s41392-021-00762-6
https://www.ncbi.nlm.nih.gov/pubmed/34980884
https://doi.org/10.1111/cas.14861
https://www.ncbi.nlm.nih.gov/pubmed/33605517
https://doi.org/10.1172/jci154515
https://www.ncbi.nlm.nih.gov/pubmed/35166233
https://doi.org/10.1016/s0959-8049(99)00276-2
https://www.ncbi.nlm.nih.gov/pubmed/10741284
https://www.ncbi.nlm.nih.gov/pubmed/12067995
https://www.ncbi.nlm.nih.gov/pubmed/11839663
https://doi.org/10.1593/neo.05607
https://www.ncbi.nlm.nih.gov/pubmed/16756720
https://doi.org/10.1146/annurev-pathol-020117-044010
https://www.ncbi.nlm.nih.gov/pubmed/29125798
https://doi.org/10.1371/journal.pone.0095307
https://www.ncbi.nlm.nih.gov/pubmed/24798046
https://doi.org/10.1002/hep.28638
https://www.ncbi.nlm.nih.gov/pubmed/27177928
https://doi.org/10.1016/j.jhep.2022.02.023
https://www.ncbi.nlm.nih.gov/pubmed/35257829
https://doi.org/10.3350/cmh.2015.21.3.220
https://www.ncbi.nlm.nih.gov/pubmed/26523267
https://doi.org/10.1038/sj.bjc.6604422
https://www.ncbi.nlm.nih.gov/pubmed/18577996
https://doi.org/10.3748/wjg.v22.i33.7486
https://www.ncbi.nlm.nih.gov/pubmed/27672271
https://doi.org/10.1186/s12943-020-01188-4
https://www.ncbi.nlm.nih.gov/pubmed/32295598
https://doi.org/10.1053/jhep.2002.35342
https://www.ncbi.nlm.nih.gov/pubmed/12198663
https://doi.org/10.3389/fcell.2023.1137013
https://www.ncbi.nlm.nih.gov/pubmed/37255594
https://doi.org/10.1371/journal.pone.0004580
https://www.ncbi.nlm.nih.gov/pubmed/19238201
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 34 of 40

65. van der Wal, T.; van Amerongen, R. Walking the tight wire between cell adhesion and WNT signalling: A balancing act for
β-catenin. Open Biol. 2020, 10, 200267. [CrossRef] [PubMed]

66. Abitbol, S.; Dahmani, R.; Coulouarn, C.; Ragazzon, B.; Mlecnik, B.; Senni, N.; Savall, M.; Bossard, P.; Sohier, P.; Drouet, V.; et al.
AXIN deficiency in human and mouse hepatocytes induces hepatocellular carcinoma in the absence of β-catenin activation.
J. Hepatol. 2018, 68, 1203–1213. [CrossRef] [PubMed]

67. Aghabozorgi, A.S.; Bahreyni, A.; Soleimani, A.; Bahrami, A.; Khazaei, M.; Ferns, G.A.; Avan, A.; Hassanian, S.M. Role of
adenomatous polyposis coli (APC) gene mutations in the pathogenesis of colorectal cancer; current status and perspectives.
Biochimie 2019, 157, 64–71. [CrossRef] [PubMed]

68. Kim, M.; Lee, H.C.; Tsedensodnom, O.; Hartley, R.; Lim, Y.-S.; Yu, E.; Merle, P.; Wands, J.R. Functional interaction between Wnt3
and Frizzled-7 leads to activation of the Wnt/β-catenin signaling pathway in hepatocellular carcinoma cells. J. Hepatol. 2008, 48,
780–791. [CrossRef] [PubMed]

69. Shih, Y.; Shyu, R.; Hsieh, C.; Lai, H.; Liu, K.; Chu, T.; Lin, Y. Promoter methylation of the secreted frizzled-related protein 1 gene
SFRP1 is frequent in hepatocellular carcinoma. Cancer 2006, 107, 579–590. [CrossRef] [PubMed]

70. Takagi, H.; Sasaki, S.; Suzuki, H.; Toyota, M.; Maruyama, R.; Nojima, M.; Yamamoto, H.; Omata, M.; Tokino, T.; Imai, K.; et al.
Frequent epigenetic inactivation of SFRP genes in hepatocellular carcinoma. J. Gastroenterol. 2008, 43, 378–389. [CrossRef]
[PubMed]

71. Cui, J.; Zhou, X.; Liu, Y.; Tang, Z. Mutation and overexpression of the β-catenin gene may play an important role in primary
hepatocellular carcinoma among Chinese people. J. Cancer Res. Clin. Oncol. 2001, 127, 577–581. [CrossRef] [PubMed]

72. Cieply, B.; Zeng, G.; Proverbs-Singh, T.; Geller, D.A.; Monga, S.P.S. Unique phenotype of hepatocellular cancers with exon-3
mutations in beta-catenin gene. Hepatology 2009, 49, 821–831. [CrossRef] [PubMed]

73. Lehrich, B.M.; Monga, S.P. WNT–β-catenin signalling in hepatocellular carcinoma: From bench to clinical trials. Nat. Rev.
Gastroenterol. Hepatol. 2025, 23, 246–263. [CrossRef] [PubMed]

74. Calderaro, J.; Couchy, G.; Imbeaud, S.; Amaddeo, G.; Letouzé, E.; Blanc, J.-F.; Laurent, C.; Hajji, Y.; Azoulay, D.; Bioulac-Sage,
P.; et al. Histological subtypes of hepatocellular carcinoma are related to gene mutations and molecular tumour classification.
J. Hepatol. 2017, 67, 727–738. [CrossRef] [PubMed]

75. Cadoret, A.; Ovejero, C.; Terris, B.; Souil, E.; Lévy, L.; Lamers, W.H.; Kitajewski, J.; Kahn, A.; Perret, C. New targets of β-catenin
signaling in the liver are involved in the glutamine metabolism. Oncogene 2002, 21, 8293–8301. [CrossRef] [PubMed]

76. Hale, G.; Liu, X.; Hu, J.; Xu, Z.; Che, L.; Solomon, D.; Tsokos, C.; Shafizadeh, N.; Chen, X.; Gill, R.; et al. Correlation of exon 3
β-catenin mutations with glutamine synthetase staining patterns in hepatocellular adenoma and hepatocellular carcinoma. Mod.
Pathol. 2016, 29, 1370–1380. [CrossRef] [PubMed]

77. Giraud, J.; Chalopin, D.; Blanc, J.-F.; Saleh, M. Hepatocellular Carcinoma Immune Landscape and the Potential of Immunothera-
pies. Front. Immunol. 2021, 12, 655697. [CrossRef] [PubMed]

78. Montironi, C.; Castet, F.; Haber, P.K.; Pinyol, R.; Torres-Martin, M.; Torrens, L.; Mesropian, A.; Wang, H.; Puigvehi, M.; Maeda, M.; et al.
Inflamed and non-inflamed classes of HCC: A revised immunogenomic classification. Gut 2022, 72, 129–140. [CrossRef] [PubMed]

79. Morita, M.; Nishida, N.; Aoki, T.; Chishina, H.; Takita, M.; Ida, H.; Hagiwara, S.; Minami, Y.; Ueshima, K.; Kudo, M. Role of
β-Catenin Activation in the Tumor Immune Microenvironment and Immunotherapy of Hepatocellular Carcinoma. Cancers 2023,
15, 2311. [CrossRef] [PubMed]

80. Karimaian, A.; Majidinia, M.; Baghi, H.B.; Yousefi, B. The crosstalk between Wnt/β-catenin signaling pathway with DNA damage
response and oxidative stress: Implications in cancer therapy. DNA Repair 2017, 51, 14–19. [CrossRef] [PubMed]

81. Yang, F.; Hilakivi-Clarke, L.; Shaha, A.; Wang, Y.; Wang, X.; Deng, Y.; Lai, J.; Kang, N. Metabolic reprogramming and its clinical
implication for liver cancer. Hepatology 2023, 78, 1602–1624. [CrossRef] [PubMed]

82. Zhang, Q.; Bai, X.; Chen, W.; Ma, T.; Hu, Q.; Liang, C.; Xie, S.; Chen, C.; Hu, L.; Xu, S.; et al. Wnt/β-catenin signaling enhances
hypoxia-induced epithelial–mesenchymal transition in hepatocellular carcinoma via crosstalk with hif-1α signaling. Carcinogenesis
2013, 34, 962–973. [CrossRef] [PubMed]

83. Yuan, K.; Xie, K.; Lan, T.; Xu, L.; Chen, X.; Li, X.; Liao, M.; Li, J.; Huang, J.; Zeng, Y.; et al. TXNDC12 promotes EMT and metastasis
of hepatocellular carcinoma cells via activation of β-catenin. Cell Death Differ. 2019, 27, 1355–1368. [CrossRef] [PubMed]

84. Yamashita, T.; Ji, J.; Budhu, A.; Forgues, M.; Yang, W.; Wang, H.-Y.; Jia, H.; Ye, Q.; Qin, L.-X.; Wauthier, E.; et al. EpCAM-Positive
Hepatocellular Carcinoma Cells Are Tumor-Initiating Cells with Stem/Progenitor Cell Features. Gastroenterology 2009, 136,
1012–1024.e4. [CrossRef] [PubMed]

85. Gedaly, R.; Galuppo, R.; Daily, M.F.; Shah, M.; Maynard, E.; Chen, C.; Zhang, X.; Esser, K.A.; Cohen, D.A.; Evers, B.M.; et al.
Targeting the Wnt/β-Catenin Signaling Pathway in Liver Cancer Stem Cells and Hepatocellular Carcinoma Cell Lines with
FH535. PLoS ONE 2014, 9, e99272. [CrossRef] [PubMed]

86. Mokkapati, S.; Niopek, K.; Huang, L.; Cunniff, K.J.; Ruteshouser, E.C.; Decaestecker, M.; Finegold, M.J.; Huff, V. β-Catenin
Activation in a Novel Liver Progenitor Cell Type Is Sufficient to Cause Hepatocellular Carcinoma and Hepatoblastoma. Cancer
Res. 2014, 74, 4515–4525. [CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1098/rsob.200267
https://www.ncbi.nlm.nih.gov/pubmed/33292105
https://doi.org/10.1016/j.jhep.2017.12.018
https://www.ncbi.nlm.nih.gov/pubmed/29525529
https://doi.org/10.1016/j.biochi.2018.11.003
https://www.ncbi.nlm.nih.gov/pubmed/30414835
https://doi.org/10.1016/j.jhep.2007.12.020
https://www.ncbi.nlm.nih.gov/pubmed/18313787
https://doi.org/10.1002/cncr.22023
https://www.ncbi.nlm.nih.gov/pubmed/16795071
https://doi.org/10.1007/s00535-008-2170-0
https://www.ncbi.nlm.nih.gov/pubmed/18592156
https://doi.org/10.1007/s004320100259
https://www.ncbi.nlm.nih.gov/pubmed/11570580
https://doi.org/10.1002/hep.22695
https://www.ncbi.nlm.nih.gov/pubmed/19101982
https://doi.org/10.1038/s41575-025-01127-y
https://www.ncbi.nlm.nih.gov/pubmed/41068417
https://doi.org/10.1016/j.jhep.2017.05.014
https://www.ncbi.nlm.nih.gov/pubmed/28532995
https://doi.org/10.1038/sj.onc.1206118
https://www.ncbi.nlm.nih.gov/pubmed/12447692
https://doi.org/10.1038/modpathol.2016.122
https://www.ncbi.nlm.nih.gov/pubmed/27469330
https://doi.org/10.3389/fimmu.2021.655697
https://www.ncbi.nlm.nih.gov/pubmed/33815418
https://doi.org/10.1136/gutjnl-2021-325918
https://www.ncbi.nlm.nih.gov/pubmed/35197323
https://doi.org/10.3390/cancers15082311
https://www.ncbi.nlm.nih.gov/pubmed/37190239
https://doi.org/10.1016/j.dnarep.2017.01.003
https://www.ncbi.nlm.nih.gov/pubmed/28108274
https://doi.org/10.1097/hep.0000000000000005
https://www.ncbi.nlm.nih.gov/pubmed/36626639
https://doi.org/10.1093/carcin/bgt027
https://www.ncbi.nlm.nih.gov/pubmed/23358852
https://doi.org/10.1038/s41418-019-0421-7
https://www.ncbi.nlm.nih.gov/pubmed/31570854
https://doi.org/10.1053/j.gastro.2008.12.004
https://www.ncbi.nlm.nih.gov/pubmed/19150350
https://doi.org/10.1371/journal.pone.0099272
https://www.ncbi.nlm.nih.gov/pubmed/24940873
https://doi.org/10.1158/0008-5472.can-13-3275
https://www.ncbi.nlm.nih.gov/pubmed/24848510
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 35 of 40

87. Fan, Z.; Duan, J.; Wang, L.; Xiao, S.; Li, L.; Yan, X.; Yao, W.; Wu, L.; Zhang, S.; Zhang, Y.; et al. PTK2 promotes cancer stem cell
traits in hepatocellular carcinoma by activating Wnt/β-catenin signaling. Cancer Lett. 2019, 450, 132–143. [CrossRef] [PubMed]

88. Tsui, Y.-M.; Chan, L.-K.; Ng, I.O.-L. Cancer stemness in hepatocellular carcinoma: Mechanisms and translational potential. Br. J.
Cancer 2020, 122, 1428–1440. [CrossRef] [PubMed]

89. Xu, N.; Shen, C.; Luo, Y.; Xia, L.; Xue, F.; Xia, Q.; Zhang, J. Upregulated miR-130a increases drug resistance by regulating RUNX3
and Wnt signaling in cisplatin-treated HCC cell. Biochem. Biophys. Res. Commun. 2012, 425, 468–472. [CrossRef] [PubMed]

90. Chai, S.; Ng, K.-Y.; Tong, M.; Lau, E.Y.; Lee, T.K.; Chan, K.W.; Yuan, Y.-F.; Cheung, T.-T.; Cheung, S.-T.; Wang, X.-Q.; et al. Octamer
4/microRNA-1246 signaling axis drives Wnt/β-catenin activation in liver cancer stem cells. Hepatology 2016, 64, 2062–2076.
[CrossRef] [PubMed]

91. Lin, X.; Zuo, S.; Luo, R.; Li, Y.; Yu, G.; Zou, Y.; Zhou, Y.; Liu, Z.; Liu, Y.; Hu, Y.; et al. HBX-induced miR-5188 impairs FOXO1
to stimulate β-catenin nuclear translocation and promotes tumor stemness in hepatocellular carcinoma. Theranostics 2019, 9,
7583–7598. [CrossRef] [PubMed]

92. Zhu, P.; Wang, Y.; Huang, G.; Ye, B.; Liu, B.; Wu, J.; Du, Y.; He, L.; Fan, Z. lnc-β-Catm elicits EZH2-dependent β-catenin
stabilization and sustains liver CSC self-renewal. Nat. Struct. Mol. Biol. 2016, 23, 631–639. [CrossRef] [PubMed]

93. Gougelet, A.; Sartor, C.; Bachelot, L.; Godard, C.; Marchiol, C.; Renault, G.; Tores, F.; Nitschke, P.; Cavard, C.; Terris, B.; et al.
Antitumour activity of an inhibitor of miR-34a in liver cancer with β-catenin-mutations. Gut 2015, 65, 1024–1034. [CrossRef]
[PubMed]

94. Li, W.; Wang, Y.; Liu, R.; Kasinski, A.L.; Shen, H.; Slack, F.J.; Tang, D.G. MicroRNA-34a: Potent Tumor Suppressor, Cancer Stem
Cell Inhibitor, and Potential Anticancer Therapeutic. Front. Cell Dev. Biol. 2021, 9, 640587. [CrossRef] [PubMed]

95. Liu, J.; Ruan, B.; You, N.; Huang, Q.; Liu, W.; Dang, Z.; Xu, W.; Zhou, T.; Ji, R.; Cao, Y.; et al. Downregulation of miR-200a Induces
EMT Phenotypes and CSC-like Signatures through Targeting the β-catenin Pathway in Hepatic Oval Cells. PLoS ONE 2013,
8, e79409. [CrossRef] [PubMed]

96. Kim, B.H.; Park, J.-W.; Kim, J.S.; Lee, S.-K.; Hong, E.K. Stem Cell Markers Predict the Response to Sorafenib in Patients with
Hepatocellular Carcinoma. Gut Liver 2019, 13, 342–348. [CrossRef] [PubMed]

97. Hagiwara, S.; Kudo, M.; Nagai, T.; Inoue, T.; Ueshima, K.; Nishida, N.; Watanabe, T.; Sakurai, T. Activation of JNK and high
expression level of CD133 predict a poor response to sorafenib in hepatocellular carcinoma. Br. J. Cancer 2012, 106, 1997–2003.
[CrossRef] [PubMed]

98. Zhou, H.-M.; Zhang, J.-G.; Zhang, X.; Li, Q. Targeting cancer stem cells for reversing therapy resistance: Mechanism, signaling,
and prospective agents. Signal Transduct. Target. Ther. 2021, 6, 62. [CrossRef] [PubMed]

99. Yadav, D.K.; Yadav, R.K.; Singh, A.; Huang, Y.; Bao, D.; Yang, Z.; Huang, H.; Jiang, Y.; Wang, P.; Lin, S.; et al. Cancer stem cells in
hepatocellular carcinoma: Therapy resistance and emerging treatments. Front. Immunol. 2025, 16, 1704868. [CrossRef] [PubMed]

100. Luke, J.J.; Bao, R.; Sweis, R.F.; Spranger, S.; Gajewski, T.F. WNT/β-catenin Pathway Activation Correlates with Immune Exclusion
across Human Cancers. Clin. Cancer Res. 2019, 25, 3074–3083. [CrossRef] [PubMed]

101. Ruiz de Galarreta, M.; Bresnahan, E.; Molina-Sánchez, P.; Lindblad, K.E.; Maier, B.; Sia, D.; Puigvehi, M.; Miguela, V.; Casanova-
Acebes, M.; Dhainaut, M.; et al. β-Catenin Activation Promotes Immune Escape and Resistance to Anti-PD-1 Therapy in
Hepatocellular Carcinoma. Cancer Discov. 2019, 9, 1124–1141. [CrossRef] [PubMed]

102. Feng, M.; Jin, J.Q.; Xia, L.; Xiao, T.; Mei, S.; Wang, X.; Huang, X.; Chen, J.; Liu, M.; Chen, C.; et al. Pharmacological inhibition
of β-catenin/BCL9 interaction overcomes resistance to immune checkpoint blockades by modulating Treg cells. Sci. Adv. 2019,
5, eaau5240. [CrossRef] [PubMed]

103. Xiao, X.; Mo, H.; Tu, K. CTNNB1 mutation suppresses infiltration of immune cells in hepatocellular carcinoma through miRNA-
mediated regulation of chemokine expression. Int. Immunopharmacol. 2020, 89, 107043. [CrossRef] [PubMed]

104. Huang, Y.; Peng, M.; Yu, W.; Li, H. Activation of Wnt/β-catenin signaling promotes immune evasion via the β-catenin/IKZF1/CCL5
axis in hepatocellular carcinoma. Int. Immunopharmacol. 2024, 138, 112534. [CrossRef] [PubMed]

105. Liu, L.; Zhu, X.-D.; Wang, W.-Q.; Shen, Y.; Qin, Y.; Ren, Z.-G.; Sun, H.-C.; Tang, Z.-Y. Activation of β-Catenin by Hypoxia in
Hepatocellular Carcinoma Contributes to Enhanced Metastatic Potential and Poor Prognosis. Clin. Cancer Res. 2010, 16, 2740–2750.
[CrossRef] [PubMed]

106. Qu, B.; Liu, B.-R.; Du, Y.-J.; Chen, J.; Cheng, Y.-Q.; Xu, W.; Wang, X.-H. Wnt/β-catenin signaling pathway may regulate the
expression of angiogenic growth factors in hepatocellular carcinoma. Oncol. Lett. 2014, 7, 1175–1178. [CrossRef] [PubMed]

107. Patil, M.A.; Lee, S.A.; Macias, E.; Lam, E.T.; Xu, C.; Jones, K.D.; Ho, C.; Rodriguez-Puebla, M.; Chen, X. Role of Cyclin D1 as a
Mediator of c-Met– and β-Catenin–Induced Hepatocarcinogenesis. Cancer Res. 2008, 69, 253–261. [CrossRef] [PubMed]

108. Tao, J.; Xu, E.; Zhao, Y.; Singh, S.; Li, X.; Couchy, G.; Chen, X.; Zucman-Rossi, J.; Chikina, M.; Monga, S.P. Modeling a human
hepatocellular carcinoma subset in mice through coexpression of met and point-mutant β-catenin. Hepatology 2016, 64, 1587–1605.
[CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1016/j.canlet.2019.02.040
https://www.ncbi.nlm.nih.gov/pubmed/30849480
https://doi.org/10.1038/s41416-020-0823-9
https://www.ncbi.nlm.nih.gov/pubmed/32231294
https://doi.org/10.1016/j.bbrc.2012.07.127
https://www.ncbi.nlm.nih.gov/pubmed/22846564
https://doi.org/10.1002/hep.28821
https://www.ncbi.nlm.nih.gov/pubmed/27639189
https://doi.org/10.7150/thno.37717
https://www.ncbi.nlm.nih.gov/pubmed/31695788
https://doi.org/10.1038/nsmb.3235
https://www.ncbi.nlm.nih.gov/pubmed/27239797
https://doi.org/10.1136/gutjnl-2014-308969
https://www.ncbi.nlm.nih.gov/pubmed/25792709
https://doi.org/10.3389/fcell.2021.640587
https://www.ncbi.nlm.nih.gov/pubmed/33763422
https://doi.org/10.1371/journal.pone.0079409
https://www.ncbi.nlm.nih.gov/pubmed/24260215
https://doi.org/10.5009/gnl18345
https://www.ncbi.nlm.nih.gov/pubmed/30600675
https://doi.org/10.1038/bjc.2012.145
https://www.ncbi.nlm.nih.gov/pubmed/22596232
https://doi.org/10.1038/s41392-020-00430-1
https://www.ncbi.nlm.nih.gov/pubmed/33589595
https://doi.org/10.3389/fimmu.2025.1704868
https://www.ncbi.nlm.nih.gov/pubmed/41438763
https://doi.org/10.1158/1078-0432.ccr-18-1942
https://www.ncbi.nlm.nih.gov/pubmed/30635339
https://doi.org/10.1158/2159-8290.CD-19-0074
https://www.ncbi.nlm.nih.gov/pubmed/31186238
https://doi.org/10.1126/sciadv.aau5240
https://www.ncbi.nlm.nih.gov/pubmed/31086813
https://doi.org/10.1016/j.intimp.2020.107043
https://www.ncbi.nlm.nih.gov/pubmed/33039961
https://doi.org/10.1016/j.intimp.2024.112534
https://www.ncbi.nlm.nih.gov/pubmed/38941667
https://doi.org/10.1158/1078-0432.ccr-09-2610
https://www.ncbi.nlm.nih.gov/pubmed/20460486
https://doi.org/10.3892/ol.2014.1828
https://www.ncbi.nlm.nih.gov/pubmed/24944688
https://doi.org/10.1158/0008-5472.can-08-2514
https://www.ncbi.nlm.nih.gov/pubmed/19118010
https://doi.org/10.1002/hep.28601
https://www.ncbi.nlm.nih.gov/pubmed/27097116
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 36 of 40

109. Yang, M.; Li, S.-N.; Anjum, K.M.; Gui, L.-X.; Zhu, S.-S.; Liu, J.; Chen, J.-K.; Liu, Q.-F.; Ye, G.-D.; Wang, W.-J.; et al. Double-negative
feedback loop between Wnt/β-catenin signaling and HNF4α regulates epithelial-mesenchymal transition in hepatocellular
carcinoma. J. Cell Sci. 2013, 126, 5692–5703. [CrossRef] [PubMed]

110. Wu, N.; Zhang, Y.-L.; Wang, H.-T.; Li, D.-W.; Dai, H.-J.; Zhang, Q.-Q.; Zhang, J.; Ma, Y.; Xia, Q.; Bian, J.-M.; et al. Overexpression
of hepatocyte nuclear factor 4α in human mesenchymal stem cells suppresses hepatocellular carcinoma development through
Wnt/β-catenin signaling pathway downregulation. Cancer Biol. Ther. 2016, 17, 558–565. [CrossRef] [PubMed]

111. Zuo, Q.; He, J.; Zhang, S.; Wang, H.; Jin, G.; Jin, H.; Cheng, Z.; Tao, X.; Yu, C.; Li, B.; et al. PPARγ Coactivator-1α Sup-
presses Metastasis of Hepatocellular Carcinoma by Inhibiting Warburg Effect by PPARγ–Dependent WNT/β-Catenin/Pyruvate
Dehydrogenase Kinase Isozyme 1 Axis. Hepatology 2020, 73, 644–660. [CrossRef] [PubMed]

112. Savall, M.; Senni, N.; Lagoutte, I.; Sohier, P.; Dentin, R.; Romagnolo, B.; Perret, C.; Bossard, P. Cooperation Between the NRF2
Pathway and Oncogenic β-catenin During HCC Tumorigenesis. Hepatol. Commun. 2021, 5, 1490–1506. [CrossRef] [PubMed]

113. Zhu, L.; Yang, X.; Feng, J.; Mao, J.; Zhang, Q.; He, M.; Mi, Y.; Mei, Y.; Jin, G.; Zhang, H. CYP2E1 plays a suppressive role in
hepatocellular carcinoma by regulating Wnt/Dvl2/β-catenin signaling. J. Transl. Med. 2022, 20, 194. [CrossRef] [PubMed]

114. Zhang, D.-Y.; Pan, Y.; Zhang, C.; Yan, B.-X.; Yu, S.-S.; Wu, D.-L.; Shi, M.-M.; Shi, K.; Cai, X.-X.; Zhou, S.-S.; et al. Wnt/β-catenin
signaling induces the aging of mesenchymal stem cells through promoting the ROS production. Mol. Cell. Biochem. 2012, 374,
13–20. [CrossRef] [PubMed]

115. Li, B.; Cao, Y.; Meng, G.; Qian, L.; Xu, T.; Yan, C.; Luo, O.; Wang, S.; Wei, J.; Ding, Y.; et al. Targeting glutaminase 1 attenuates
stemness properties in hepatocellular carcinoma by increasing reactive oxygen species and suppressing Wnt/β-catenin pathway.
EBioMedicine 2019, 39, 239–254. [CrossRef] [PubMed]

116. Xu, W.; Zhou, W.; Cheng, M.; Wang, J.; Liu, Z.; He, S.; Luo, X.; Huang, W.; Chen, T.; Yan, W.; et al. Hypoxia activates Wnt/β-catenin
signaling by regulating the expression of BCL9 in human hepatocellular carcinoma. Sci. Rep. 2017, 7, 40446. [CrossRef] [PubMed]

117. Hesari, A.; Ghasemi, F.; Salarinia, R.; Biglari, H.; Hassan, A.T.M.; Abdoli, V.; Mirzaei, H. Effects of curcumin on NF-κB, AP-1, and
Wnt/β-catenin signaling pathway in hepatitis B virus infection. J. Cell. Biochem. 2018, 119, 7898–7904. [CrossRef] [PubMed]

118. Zhang, K.; Che, S.; Pan, C.; Su, Z.; Zheng, S.; Yang, S.; Zhang, H.; Li, W.; Wang, W.; Liu, J. The SHH/Gli axis regulates CD90-
mediated liver cancer stem cell function by activating the IL6/JAK2 pathway. J. Cell. Mol. Med. 2018, 22, 3679–3690. [CrossRef]
[PubMed]

119. Makino, Y.; Hikita, H.; Kato, S.; Sugiyama, M.; Shigekawa, M.; Sakamoto, T.; Sasaki, Y.; Murai, K.; Sakane, S.; Kodama, T.; et al.
STAT3 is Activated by CTGF-mediated Tumor-stroma Cross Talk to Promote HCC Progression. Cell. Mol. Gastroenterol. Hepatol.
2022, 15, 99–119. [CrossRef] [PubMed]

120. Yang, Y.; Ye, Y.-C.; Chen, Y.; Zhao, J.-L.; Gao, C.-C.; Han, H.; Liu, W.-C.; Qin, H.-Y. Crosstalk between hepatic tumor cells and
macrophages via Wnt/β-catenin signaling promotes M2-like macrophage polarization and reinforces tumor malignant behaviors.
Cell Death Dis. 2018, 9, 793. [CrossRef] [PubMed]

121. Huang, J.-L.; Fu, Y.-P.; Gan, W.; Liu, G.; Zhou, P.-Y.; Zhou, C.; Sun, B.-Y.; Guan, R.-Y.; Zhou, J.; Fan, J.; et al. Hepatic stellate cells
promote the progression of hepatocellular carcinoma through microRNA-1246-RORα-Wnt/β-Catenin axis. Cancer Lett. 2020, 476,
140–151. [CrossRef] [PubMed]

122. Ying, F.; Chan, M.S.M.; Lee, T.K.W. Cancer-Associated Fibroblasts in Hepatocellular Carcinoma and Cholangiocarcinoma. Cell.
Mol. Gastroenterol. Hepatol. 2023, 15, 985–999. [CrossRef] [PubMed]

123. Lin, X.-H.; Liu, H.-H.; Hsu, S.-J.; Zhang, R.; Chen, J.; Chen, J.; Gao, D.-M.; Cui, J.-F.; Ren, Z.-G.; Chen, R.-X. Norepinephrine-
stimulated HSCs secrete sFRP1 to promote HCC progression following chronic stress via augmentation of a Wnt16B/β-catenin
positive feedback loop. J. Exp. Clin. Cancer Res. 2020, 39, 64. [CrossRef] [PubMed]

124. You, Y.; Zheng, Q.; Dong, Y.; Wang, Y.; Zhang, L.; Xue, T.; Xie, X.; Hu, C.; Wang, Z.; Chen, R.; et al. Higher Matrix Stiffness
Upregulates Osteopontin Expression in Hepatocellular Carcinoma Cells Mediated by Integrin β1/GSK3β/β-Catenin Signaling
Pathway. PLoS ONE 2015, 10, e0134243. [CrossRef] [PubMed]

125. Zhang, Z.; Zhang, Y.; Sun, X.-X.; Ma, X.; Chen, Z.-N. microRNA-146a inhibits cancer metastasis by downregulating VEGF through
dual pathways in hepatocellular carcinoma. Mol. Cancer 2015, 14, 5. [CrossRef] [PubMed]

126. Leung, H.W.; Leung, C.O.N.; Lau, E.Y.; Chung, K.P.S.; Mok, E.H.; Lei, M.M.L.; Leung, R.W.H.; Tong, M.; Keng, V.W.; Ma, C.; et al.
EPHB2 Activates β-Catenin to Enhance Cancer Stem Cell Properties and Drive Sorafenib Resistance in Hepatocellular Carcinoma.
Cancer Res. 2021, 81, 3229–3240. [CrossRef] [PubMed]

127. Lei, Z.-J.; Wang, J.; Xiao, H.-L.; Guo, Y.; Wang, T.; Li, Q.; Liu, L.; Luo, X.; Fan, L.-L.; Lin, L.; et al. Lysine-specific demethylase
1 promotes the stemness and chemoresistance of Lgr5+ liver cancer initiating cells by suppressing negative regulators of β-catenin
signaling. Oncogene 2015, 34, 3188–3198. [CrossRef] [PubMed]

128. Paskeh, M.D.A.; Mirzaei, S.; Ashrafizadeh, M.; Zarrabi, A.; Sethi, G. Wnt/β-Catenin Signaling as a Driver of Hepatocellular
Carcinoma Progression: An Emphasis on Molecular Pathways. J. Hepatocell. Carcinoma 2021, 8, 1415–1444. [CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1242/jcs.135053
https://www.ncbi.nlm.nih.gov/pubmed/24101726
https://doi.org/10.1080/15384047.2016.1177675
https://www.ncbi.nlm.nih.gov/pubmed/27124543
https://doi.org/10.1002/hep.31280
https://www.ncbi.nlm.nih.gov/pubmed/32298475
https://doi.org/10.1002/hep4.1746
https://www.ncbi.nlm.nih.gov/pubmed/34510835
https://doi.org/10.1186/s12967-022-03396-6
https://www.ncbi.nlm.nih.gov/pubmed/35509083
https://doi.org/10.1007/s11010-012-1498-1
https://www.ncbi.nlm.nih.gov/pubmed/23124852
https://doi.org/10.1016/j.ebiom.2018.11.063
https://www.ncbi.nlm.nih.gov/pubmed/30555042
https://doi.org/10.1038/srep40446
https://www.ncbi.nlm.nih.gov/pubmed/28074862
https://doi.org/10.1002/jcb.26829
https://www.ncbi.nlm.nih.gov/pubmed/29923222
https://doi.org/10.1111/jcmm.13651
https://www.ncbi.nlm.nih.gov/pubmed/29722127
https://doi.org/10.1016/j.jcmgh.2022.09.006
https://www.ncbi.nlm.nih.gov/pubmed/36210625
https://doi.org/10.1038/s41419-018-0818-0
https://www.ncbi.nlm.nih.gov/pubmed/30022048
https://doi.org/10.1016/j.canlet.2020.02.012
https://www.ncbi.nlm.nih.gov/pubmed/32061951
https://doi.org/10.1016/j.jcmgh.2023.01.006
https://www.ncbi.nlm.nih.gov/pubmed/36708970
https://doi.org/10.1186/s13046-020-01568-0
https://www.ncbi.nlm.nih.gov/pubmed/32293507
https://doi.org/10.1371/journal.pone.0134243
https://www.ncbi.nlm.nih.gov/pubmed/26280346
https://doi.org/10.1186/1476-4598-14-5
https://www.ncbi.nlm.nih.gov/pubmed/25608619
https://doi.org/10.1158/0008-5472.can-21-0184
https://www.ncbi.nlm.nih.gov/pubmed/33903122
https://doi.org/10.1038/onc.2015.129
https://www.ncbi.nlm.nih.gov/pubmed/25893304
https://doi.org/10.2147/jhc.s336858
https://www.ncbi.nlm.nih.gov/pubmed/34858888
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 37 of 40

129. Noda, T.; Nagano, H.; Takemasa, I.; Yoshioka, S.; Murakami, M.; Wada, H.; Kobayashi, S.; Marubashi, S.; Takeda, Y.; Dono, K.;
et al. Activation of Wnt/β-catenin signalling pathway induces chemoresistance to interferon-α/5-fluorouracil combination
therapy for hepatocellular carcinoma. Br. J. Cancer 2009, 100, 1647–1658. [CrossRef] [PubMed]

130. Zhou, Y.; Liang, C.; Xue, F.; Chen, W.; Zhi, X.; Feng, X.; Bai, X.; Liang, T. Salinomycin decreases doxorubicin resistance in
hepatocellular carcinoma cells by inhibiting the β-catenin/TCF complex association via FOXO3a activation. Oncotarget 2015, 6,
10350–10365. [CrossRef] [PubMed]

131. Ermi, A.G.; Sarkar, D. Resistance to Tyrosine Kinase Inhibitors in Hepatocellular Carcinoma (HCC): Clinical Implications and
Potential Strategies to Overcome the Resistance. Cancers 2024, 16, 3944. [CrossRef] [PubMed]

132. He, Y.; Liu, D.; Ling, A.; Han, Z.; Cui, J.; Cheng, J.; Feng, Y.; Liu, W.; Gong, W.; Xia, Y.; et al. Inhibition of Wnt/β-catenin increases
anti-tumor activity by synergizing with sorafenib in hepatocellular carcinoma. Cell Death Dis. 2025, 16, 466. [CrossRef]

133. Liu, Y.; Ye, X.; Zhang, J.-B.; Ouyang, H.; Shen, Z.; Wu, Y.; Wang, W.; Wu, J.; Tao, S.; Yang, X.; et al. PROX1 promotes hepatocellular
carcinoma proliferation and sorafenib resistance by enhancing β-catenin expression and nuclear translocation. Oncogene 2015, 34,
5524–5535. [CrossRef]

134. Deng, L.; Sun, J.; Chen, X.; Liu, L.; Wu, D. Nek2 augments sorafenib resistance by regulating the ubiquitination and localization
of β-catenin in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 2019, 38, 316. [CrossRef]

135. Cai, J.; Chen, J.; Wu, T.; Cheng, Z.; Tian, Y.; Pu, C.; Shi, W.; Suo, X.; Wu, X.; Zhang, K. Genome-scale CRISPR activation screening
identifies a role of LRP8 in Sorafenib resistance in Hepatocellular carcinoma. Biochem. Biophys. Res. Commun. 2020, 526, 1170–1176.
[CrossRef] [PubMed]

136. Karabicici, M.; Azbazdar, Y.; Ozhan, G.; Senturk, S.; Karagonlar, Z.F.; Erdal, E. Changes in Wnt and TGF-β Signaling Mediate
the Development of Regorafenib Resistance in Hepatocellular Carcinoma Cell Line HuH7. Front. Cell Dev. Biol. 2021, 9, 639779.
[CrossRef] [PubMed]

137. Wang, Z.; Zhu, Q.; Li, X.; Ren, X.; Li, J.; Zhang, Y.; Zeng, S.; Xu, L.; Dong, X.; Zhai, B. TOP2A inhibition reverses drug resistance of
hepatocellular carcinoma to regorafenib. Am. J. Cancer Res. 2022, 12, 4343. [CrossRef] [PubMed]

138. Guo, Y.; Xu, J.; Du, Q.; Yan, Y.; Geller, D.A. IRF2 regulates cellular survival and Lenvatinib-sensitivity of hepatocellular carcinoma
(HCC) through regulating β-catenin. Transl. Oncol. 2021, 14, 101059. [CrossRef] [PubMed]

139. Wang, J.; Yu, H.; Dong, W.; Zhang, C.; Hu, M.; Ma, W.; Jiang, X.; Li, H.; Yang, P.; Xiang, D. N6-Methyladenosine–Mediated
Up-Regulation of FZD10 Regulates Liver Cancer Stem Cells’ Properties and Lenvatinib Resistance Through WNT/β-Catenin and
Hippo Signaling Pathways. Gastroenterology 2023, 164, 990–1005. [CrossRef] [PubMed]

140. Ikeda, M.; Kudo, M.; Motomura, K.; Okusaka, T.; Kato, N.; Hisai, T.; Ikezawa, H.; Shiba, S.; Hoshi, T.; Kuroda, M.; et al. A Phase 1b
Study of Lenvatinib plus Nivolumab in Patients with Unresectable Hepatocellular Carcinoma. Liver Cancer 2026, 1–14. [CrossRef]
[PubMed]

141. Shang, R.; Song, X.; Wang, P.; Zhou, Y.; Lu, X.; Wang, J.; Xu, M.; Chen, X.; Utpatel, K.; Che, L.; et al. Cabozantinib-based
combination therapy for the treatment of hepatocellular carcinoma. Gut 2020, 70, 1746–1757. [CrossRef] [PubMed]

142. Spranger, S.; Bao, R.; Gajewski, T.F. Melanoma-intrinsic β-catenin signalling prevents anti-tumour immunity. Nature 2015, 523,
231–235. [CrossRef] [PubMed]

143. Dantzer, C.; Vaché, J.; Brunel, A.; Mahouche, I.; Raymond, A.-A.; Dupuy, J.-W.; Petrel, M.; Bioulac-Sage, P.; Perrais, D.; Dugot-
Senant, N.; et al. Emerging role of oncogenic ß-catenin in exosome biogenesis as a driver of immune escape in hepatocellular
carcinoma. eLife 2024, 13, RP95191. [CrossRef] [PubMed]

144. Lehrich, B.M.; Delgado, E.R.; Yasaka, T.M.; Liu, S.; Cao, C.; Liu, Y.; Taheri, M.N.; Guan, X.; Koeppen, H.; Singh, S.; et al. Precision
targeting of β-catenin induces tumor reprogramming and immunity in hepatocellular cancers. Nat. Commun. 2025, 16, 5009.
[CrossRef] [PubMed]

145. Ganesh, S.; Shui, X.; Craig, K.P.; Park, J.; Wang, W.; Brown, B.D.; Abrams, M.T. RNAi-Mediated β-Catenin Inhibition Promotes
T Cell Infiltration and Antitumor Activity in Combination with Immune Checkpoint Blockade. Mol. Ther. 2018, 26, 2567–2579.
[CrossRef] [PubMed]

146. Matsuda, A.; Ishiguro, K.; Yan, I.K.; Patel, T. Extracellular Vesicle-Based Therapeutic Targeting of β-Catenin to Modulate
Anticancer Immune Responses in Hepatocellular Cancer. Hepatol. Commun. 2019, 3, 525–541. [CrossRef] [PubMed]

147. Harding, J.J.; Nandakumar, S.; Armenia, J.; Khalil, D.N.; Albano, M.; Ly, M.; Shia, J.; Hechtman, J.F.; Kundra, R.; El Dika, I.;
et al. Prospective Genotyping of Hepatocellular Carcinoma: Clinical Implications of Next-Generation Sequencing for Matching
Patients to Targeted and Immune Therapies. Clin. Cancer Res. 2018, 25, 2116–2126. [CrossRef] [PubMed]

148. Dharmapuri, S.; Özbek, U.; Lin, J.-Y.; Schwartz, M.; Branch, A.; Ang, C. Outcomes of hepatocellular carcinoma (HCC) patients
treated with nivolumab: The Mount Sinai Hospital experience. Ann. Oncol. 2019, 30, v294. [CrossRef]

149. Cheng, H.; Sun, G.; Chen, H.; Li, Y.; Han, Z.; Li, Y.; Zhang, P.; Yang, L.; Li, Y. Trends in the treatment of advanced hepatocelluar
carcinoma: Immune checkpoint blockade immunotherapy and related combination therapies. Am. J. Cancer Res. 2019, 9,
1536–1545. [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1038/sj.bjc.6605064
https://www.ncbi.nlm.nih.gov/pubmed/19401692
https://doi.org/10.18632/oncotarget.3585
https://www.ncbi.nlm.nih.gov/pubmed/25871400
https://doi.org/10.3390/cancers16233944
https://www.ncbi.nlm.nih.gov/pubmed/39682130
https://doi.org/10.1038/s41419-025-07789-5
https://doi.org/10.1038/onc.2015.7
https://doi.org/10.1186/s13046-019-1311-z
https://doi.org/10.1016/j.bbrc.2020.04.040
https://www.ncbi.nlm.nih.gov/pubmed/32312520
https://doi.org/10.3389/fcell.2021.639779
https://www.ncbi.nlm.nih.gov/pubmed/34458250
https://doi.org/10.1002/2211-5463.13403
https://www.ncbi.nlm.nih.gov/pubmed/35434974
https://doi.org/10.1016/j.tranon.2021.101059
https://www.ncbi.nlm.nih.gov/pubmed/33735820
https://doi.org/10.1053/j.gastro.2023.01.041
https://www.ncbi.nlm.nih.gov/pubmed/36764493
https://doi.org/10.1159/000549681
https://www.ncbi.nlm.nih.gov/pubmed/41783364
https://doi.org/10.1136/gutjnl-2020-320716
https://www.ncbi.nlm.nih.gov/pubmed/33144318
https://doi.org/10.1038/nature14404
https://www.ncbi.nlm.nih.gov/pubmed/25970248
https://doi.org/10.7554/elife.95191
https://www.ncbi.nlm.nih.gov/pubmed/39008536
https://doi.org/10.1038/s41467-025-60457-2
https://www.ncbi.nlm.nih.gov/pubmed/40442146
https://doi.org/10.1016/j.ymthe.2018.09.005
https://www.ncbi.nlm.nih.gov/pubmed/30274786
https://doi.org/10.1002/hep4.1311
https://www.ncbi.nlm.nih.gov/pubmed/30976743
https://doi.org/10.1158/1078-0432.ccr-18-2293
https://www.ncbi.nlm.nih.gov/pubmed/30373752
https://doi.org/10.1093/annonc/mdz247.085
https://www.ncbi.nlm.nih.gov/pubmed/31497341
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 38 of 40

150. Nomiya, H.; Matsuda, H.; Nosaka, T.; Akazawa, Y.; Tanaka, T.; Takahashi, K.; Naito, T.; Ohtani, M.; Imamura, Y.; Nakamoto, Y.
Successful treatment of β-catenin-positive, immune checkpoint inhibitor-resistant tumor in a case of multicentric hepatocellular
carcinoma. Clin. J. Gastroenterol. 2026, 19, 601–607. [CrossRef] [PubMed]

151. Sharma, G.; Baca, Y.; Goel, S.; Shields, A.F.; Prakash, A.; Weinberg, B.A.; Saeed, A.; Nabhan, C.; Oberley, M.; Xiu, J.; et al. Evaluation
of immuno-oncologic biomarkers and β-catenin expression in response of hepatocellular carcinomas to immunotherapy. npj
Precis. Oncol. 2026, 10, 86. [CrossRef] [PubMed]

152. Yan, M.; Li, G.; An, J. Discovery of small molecule inhibitors of the Wnt/β-catenin signaling pathway by targeting β-catenin/Tcf4
interactions. Exp. Biol. Med. 2017, 242, 1185–1197. [CrossRef] [PubMed]

153. Papadopoulos, K.P.; Cecchini, M.; Khushman, M.M.; Pelster, M.; Ahnert, J.R.; Kummar, S.; Yaeger, R.; Sharma, S.; Wells, A.L.;
Garofalo, A.; et al. Phase 1/2 study of FOG-001, a first-in-class direct β-catenin:TCF inhibitor, in patients with colorectal cancer,
hepatocellular carcinoma, and other locally advanced or metastatic solid tumors. J. Clin. Oncol. 2025, 43, TPS322. [CrossRef]

154. Evans, T.R.J.; Cook, N.; El-Khoueiry, A.; Pinato, D.J.; Tran, N.H.; Hsiehchen, D.; Mena, E.; Meyer, T.; Wu, J.; Pathak, S.M.; et al.
A first-in-human, open-label multicentre Phase 1 study of the orally administered E7386 in patients with selected advanced
neoplasms. Br. J. Cancer 2026, 135, 736–746. [CrossRef] [PubMed]

155. Wu, S.-Y.; Zhu, Y.-Y.; Sun, J.-L.; Wang, C.-Y.; Wang, Y.-L.; Nie, Y.-Y.; Song, F.; Huang, X.; Chen, Z.; He, T.; et al. Targeting tumor-
intrinsic BCL9 reverses immunotherapy resistance by eliciting macrophage-mediated phagocytosis and antigen presentation. Nat.
Commun. 2025, 16, 10039. [CrossRef] [PubMed]

156. Hsieh, D.; Chen, E.X.; Franses, J.W.; Feun, L.G.; Hu, Z.I.; King, G.T.; Hwang, J.J.; Stenehjem, D.D.; Cunningham, C.; Li, D.
Tegavivint, a downstream Wnt/β-catenin inhibitor: Dose-finding results from a phase 1/2 trial in advanced hepatocellular
carcinoma (aHCC). J. Clin. Oncol. 2026, 44, 4015. [CrossRef]

157. Werner, J.; Boonekamp, K.E.; Zhan, T.; Boutros, M. The Roles of Secreted Wnt Ligands in Cancer. Int. J. Mol. Sci. 2023, 24, 5349.
[CrossRef] [PubMed]

158. Yu, F.; Yu, C.; Li, F.; Zuo, Y.; Wang, Y.; Yao, L.; Wu, C.; Wang, C.; Ye, L. Wnt/β-catenin signaling in cancers and targeted therapies.
Signal Transduct. Target. Ther. 2021, 6, 307. [CrossRef] [PubMed]

159. Tian, D.; Shi, Y.; Chen, D.; Liu, Q.; Fan, F. The Wnt inhibitor LGK-974 enhances radiosensitivity of HepG2 cells by modulating
Nrf2 signaling. Int. J. Oncol. 2017, 51, 545–554. [CrossRef] [PubMed]

160. Huang, S.-M.A.; Mishina, Y.M.; Liu, S.; Cheung, A.; Stegmeier, F.; Michaud, G.A.; Charlat, O.; Wiellette, E.; Zhang, Y.; Wiessner, S.;
et al. Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling. Nature 2009, 461, 614–620. [CrossRef] [PubMed]

161. Ng, M.; Tan, D.S.; Subbiah, V.; Weekes, C.D.; Teneggi, V.; Diermayr, V.; Ethirajulu, K.; Yeo, P.; Chen, D.; Blanchard, S.; et al.
First-in-human phase 1 study of ETC-159 an oral PORCN inhbitor in patients with advanced solid tumours. J. Clin. Oncol. 2017,
35, 2584. [CrossRef]

162. Tan, D.; Ng, M.; Subbiah, V.; Messersmith, W.; Teneggi, V.; Diermayr, V.; Ethirajulu, K.; Yeo, P.; Gan, B.; Lee, L.; et al. Phase I
extension study of ETC-159 an oral PORCN inhibitor administered with bone protective treatment, in patients with advanced
solid tumours. Ann. Oncol. 2018, 29, ix23–ix24. [CrossRef]

163. Tan, D.S.P.; Ng, M.C.; Subbiah, V.; Messersmith, W.A.; Strickler, J.H.; Diermayr, V.; Cometa, J.; Blanchard, S.; Nellore, R.;
Pendharkar, V.; et al. A phase 1B dose escalation study of ETC-159 in combination with pembrolizumab in advanced or metastatic
solid tumours. J. Clin. Oncol. 2023, 41, 2601. [CrossRef]

164. Gao, Q.; Zhao, Y.-J.; Wang, X.-Y.; Qiu, S.-J.; Shi, Y.-H.; Sun, J.; Yi, Y.; Shi, J.-Y.; Shi, G.-M.; Ding, Z.-B.; et al. CXCR6 Upregulation
Contributes to a Proinflammatory Tumor Microenvironment That Drives Metastasis and Poor Patient Outcomes in Hepatocellular
Carcinoma. Cancer Res. 2012, 72, 3546–3556. [CrossRef] [PubMed]

165. Xu, J.-M.; Weng, M.-Z.; Song, F.-B.; Chen, J.-Y.; Zhang, J.-Y.; Wu, J.-Y.; Qin, J.; Jin, T.; Wang, X.-L. Blockade of the CXCR6 Signaling
Inhibits Growth and Invasion of Hepatocellular Carcinoma Cells through Inhibition of the VEGF Expression. Int. J. Immunopathol.
Pharmacol. 2014, 27, 553–561. [CrossRef] [PubMed]

166. Reeves, M.; Chambers, A.; Shrestha, A.; Duarte, S.; Zarrinpar, A.; Malany, S.; Peddibhotla, S. Targeting CXCR6 Disrupts β-Catenin
Signaling and Enhances Sorafenib Response in Hepatocellular Carcinoma. Cancers 2025, 17, 3818. [CrossRef] [PubMed]

167. Peddibhotla, S.; Hershberger, P.M.; Kirby, R.J.; Sugarman, E.; Maloney, P.R.; Sessions, E.H.; Divlianska, D.; Morfa, C.J.; Terry,
D.; Pinkerton, A.B.; et al. Discovery of small molecule antagonists of chemokine receptor CXCR6 that arrest tumor growth in
SK-HEP-1 mouse xenografts as a model of hepatocellular carcinoma. Bioorg. Med. Chem. Lett. 2020, 30, 126899. [CrossRef]
[PubMed]

168. Dihlmann, S.; Klein, S.; Mv, M.V.K.D. Reduction of beta-catenin/T-cell transcription factor signaling by aspirin and indomethacin
is caused by an increased stabilization of phosphorylated beta-catenin. Mol. Cancer Ther. 2003, 2, 509–516. [PubMed]

169. Boon, E.M.J.; Keller, J.J.; Wormhoudt, T.A.M.; Giardiello, F.M.; A Offerhaus, G.J.; van der Neut, R.; Pals, S.T. Sulindac targets
nuclear β-catenin accumulation and Wnt signalling in adenomas of patients with familial adenomatous polyposis and in human
colorectal cancer cell lines. Br. J. Cancer 2004, 90, 224–229. [CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1007/s12328-025-02266-0
https://www.ncbi.nlm.nih.gov/pubmed/41863737
https://doi.org/10.1038/s41698-026-01275-7
https://www.ncbi.nlm.nih.gov/pubmed/41559399
https://doi.org/10.1177/1535370217708198
https://www.ncbi.nlm.nih.gov/pubmed/28474989
https://doi.org/10.1200/jco.2025.43.4_suppl.tps322
https://doi.org/10.1038/s41416-026-03488-w
https://www.ncbi.nlm.nih.gov/pubmed/42243349
https://doi.org/10.1038/s41467-025-65945-z
https://www.ncbi.nlm.nih.gov/pubmed/41249197
https://doi.org/10.1200/jco.2026.44.16_suppl.4015
https://doi.org/10.3390/ijms24065349
https://www.ncbi.nlm.nih.gov/pubmed/36982422
https://doi.org/10.1038/s41392-021-00701-5
https://www.ncbi.nlm.nih.gov/pubmed/34456337
https://doi.org/10.3892/ijo.2017.4042
https://www.ncbi.nlm.nih.gov/pubmed/28627706
https://doi.org/10.1038/nature08356
https://www.ncbi.nlm.nih.gov/pubmed/19759537
https://doi.org/10.1200/jco.2017.35.15_suppl.2584
https://doi.org/10.1093/annonc/mdy430.002
https://doi.org/10.1200/jco.2023.41.16_suppl.2601
https://doi.org/10.1158/0008-5472.can-11-4032
https://www.ncbi.nlm.nih.gov/pubmed/22710437
https://doi.org/10.1177/039463201402700411
https://www.ncbi.nlm.nih.gov/pubmed/25572735
https://doi.org/10.3390/cancers17233818
https://www.ncbi.nlm.nih.gov/pubmed/41375019
https://doi.org/10.1016/j.bmcl.2019.126899
https://www.ncbi.nlm.nih.gov/pubmed/31882297
https://www.ncbi.nlm.nih.gov/pubmed/12813129
https://doi.org/10.1038/sj.bjc.6601505
https://www.ncbi.nlm.nih.gov/pubmed/14710233
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 39 of 40

170. Thorne, C.A.; Hanson, A.J.; Schneider, J.; Tahinci, E.; Orton, D.; Cselenyi, C.S.; Jernigan, K.K.; Meyers, K.C.; Hang, B.I.; Waterson,
A.G.; et al. Small-molecule inhibition of Wnt signaling through activation of casein kinase 1α. Nat. Chem. Biol. 2010, 6, 829–836.
[CrossRef] [PubMed]

171. Li, X.; Xu, H.; Chen, R.; Huang, X.; Lin, Z.; Wang, S.; Han, L.; Li, J.; Lin, L.; Qi, Y.; et al. Astaxanthin inhibits hepatocellular
carcinoma by targeting USP39-mediated β-catenin stabilization through deubiquitination. Sci. Rep. 2025, 15, 40034. [CrossRef]
[PubMed]

172. Davis, S.L.; Cardin, D.B.; Shahda, S.; Lenz, H.-J.; Dotan, E.; O’neil, B.H.; Kapoun, A.M.; Stagg, R.J.; Berlin, J.; Messersmith,
W.A.; et al. A phase 1b dose escalation study of Wnt pathway inhibitor vantictumab in combination with nab-paclitaxel and
gemcitabine in patients with previously untreated metastatic pancreatic cancer. Investig. New Drugs 2019, 38, 821–830. [CrossRef]
[PubMed]

173. Diamond, J.R.; Becerra, C.; Richards, D.; Mita, A.; Osborne, C.; O’shaughnessy, J.; Zhang, C.; Henner, R.; Kapoun, A.M.; Xu,
L.; et al. Phase Ib clinical trial of the anti-frizzled antibody vantictumab (OMP-18R5) plus paclitaxel in patients with locally
advanced or metastatic HER2-negative breast cancer. Breast Cancer Res. Treat. 2020, 184, 53–62. [CrossRef] [PubMed]

174. Jimeno, A.; Gordon, M.; Chugh, R.; Messersmith, W.; Mendelson, D.; Dupont, J.; Stagg, R.; Kapoun, A.M.; Xu, L.; Uttamsingh, S.; et al.
A First-in-Human Phase I Study of the Anticancer Stem Cell Agent Ipafricept (OMP-54F28), a Decoy Receptor for Wnt Ligands, in
Patients with Advanced Solid Tumors. Clin. Cancer Res. 2017, 23, 7490–7497. [CrossRef] [PubMed]

175. OncoMed Pharmaceuticals, Inc. A Phase 1b Dose Escalation Study of OMP-54F28 in Combination with Sorafenib in
Patients with Hepatocellular Cancer; Clinical Trial Registration NCT02069145; clinicaltrials.gov, 2020. Available online:
https://clinicaltrials.gov/study/NCT02069145 (accessed on 13 September 2026).

176. Sartorius, K.; Antwi, S.O.; Chuturgoon, A.; Roberts, L.R.; Kramvis, A. RNA Therapeutic Options to Manage Aberrant Signaling
Pathways in Hepatocellular Carcinoma: Dream or Reality? Front. Oncol. 2022, 12, 891812. [CrossRef] [PubMed]

177. Delgado, E.; Okabe, H.; Preziosi, M.; Russell, J.O.; Alvarado, T.F.; Oertel, M.; Nejak-Bowen, K.N.; Zhang, Y.; Monga, S.P. Complete
response of Ctnnb1-mutated tumours to β-catenin suppression by locked nucleic acid antisense in a mouse hepatocarcinogenesis
model. J. Hepatol. 2015, 62, 380–387. [CrossRef] [PubMed]

178. Goessling, W. Position Is Destiny: Metabolism and Cell Identity. Cell Metab. 2019, 29, 1017–1019. [CrossRef] [PubMed]
179. Pinyol, R.; Sia, D.; Llovet, J.M. Immune Exclusion-Wnt/CTNNB1 Class Predicts Resistance to Immunotherapies in HCC. Clin.

Cancer Res. 2019, 25, 2021–2023. [CrossRef] [PubMed]
180. Bello, B.D.; Rosa, L.; Campanini, N.; Tinelli, C.; Viera, F.T.; D’Ambrosio, G.; Rossi, S.; Silini, E.M. Glutamine Synthetase

Immunostaining Correlates with Pathologic Features of Hepatocellular Carcinoma and Better Survival after Radiofrequency
Thermal Ablation. Clin. Cancer Res. 2010, 16, 2157–2166. [CrossRef] [PubMed]

181. Macdonald, J.K.; Taylor, H.B.; Wang, M.; Delacourt, A.; Edge, C.; Lewin, D.N.; Kubota, N.; Fujiwara, N.; Rasha, F.; Marquez,
C.A.; et al. The Spatial Extracellular Proteomic Tumor Microenvironment Distinguishes Molecular Subtypes of Hepatocellular
Carcinoma. J. Proteome Res. 2024, 23, 3791–3805. [CrossRef] [PubMed]

182. Lehrich, B.M.; Tao, J.; Liu, S.; Hirsch, T.Z.; Yasaka, T.M.; Cao, C.; Delgado, E.R.; Guan, X.; Lu, S.; Pan, L.; et al. Development of
mutated β-catenin gene signature to identify CTNNB1 mutations from whole and spatial transcriptomic data in patients with
HCC. JHEP Rep. 2024, 6, 101186. [CrossRef] [PubMed]

183. Ye, J.; Lin, Y.; Liao, Z.; Gao, X.; Lu, C.; Lu, L.; Huang, J.; Huang, X.; Huang, S.; Yu, H.; et al. Single cell-spatial transcriptomics and
bulk multi-omics analysis of heterogeneity and ecosystems in hepatocellular carcinoma. npj Precis. Oncol. 2024, 8, 262. [CrossRef]
[PubMed]

184. Akasu, M.; Shimada, S.; Kabashima, A.; Akiyama, Y.; Shimokawa, M.; Akahoshi, K.; Kudo, A.; Yamaoka, S.; Tanabe, M.;
Tanaka, S. Intrinsic activation of β-catenin signaling by CRISPR/Cas9-mediated exon skipping contributes to immune evasion in
hepatocellular carcinoma. Sci. Rep. 2021, 11, 16732. [CrossRef] [PubMed]

185. Ma, S.; Li, Y.; Fei, T. CRISPR Screening in Hepatocellular Carcinoma: From Tumor Progression to Immune Evasion and Therapeutic
Resistance. Int. J. Mol. Sci. 2026, 27, 4241. [CrossRef] [PubMed]

186. Kudo, M. Gd-EOB-DTPA-MRI Could Predict WNT/β-Catenin Mutation and Resistance to Immune Checkpoint Inhibitor Therapy
in Hepatocellular Carcinoma. Liver Cancer 2020, 9, 479–490. [CrossRef] [PubMed]

187. Kitao, A.; Matsui, O.; Yoneda, N.; Kozaka, K.; Kobayashi, S.; Koda, W.; Inoue, D.; Ogi, T.; Yoshida, K.; Gabata, T. Gadoxetic
acid-enhanced MR imaging for hepatocellular carcinoma: Molecular and genetic background. Eur. Radiol. 2020, 30, 3438–3447.
[CrossRef] [PubMed]

188. Katabathina, V.S.; Khanna, L.; Surabhi, V.R.; Minervini, M.; Shanbhogue, K.; Dasyam, A.K.; Prasad, S.R. Morphomolecular Classi-
fication Update on Hepatocellular Adenoma, Hepatocellular Carcinoma, and Intrahepatic Cholangiocarcinoma. RadioGraphics
2022, 42, 1338–1357. [CrossRef] [PubMed]

189. Rodon, J.; Argilés, G.; Connolly, R.M.; Vaishampayan, U.; de Jonge, M.; Garralda, E.; Giannakis, M.; Smith, D.C.; Dobson, J.R.;
McLaughlin, M.E.; et al. Phase 1 study of single-agent WNT974, a first-in-class Porcupine inhibitor, in patients with advanced
solid tumours. Br. J. Cancer 2021, 125, 28–37. [CrossRef] [PubMed]

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1038/nchembio.453
https://www.ncbi.nlm.nih.gov/pubmed/20890287
https://doi.org/10.1038/s41598-025-23891-2
https://www.ncbi.nlm.nih.gov/pubmed/41238805
https://doi.org/10.1007/s10637-019-00824-1
https://www.ncbi.nlm.nih.gov/pubmed/31338636
https://doi.org/10.1007/s10549-020-05817-w
https://www.ncbi.nlm.nih.gov/pubmed/32803633
https://doi.org/10.1158/1078-0432.ccr-17-2157
https://www.ncbi.nlm.nih.gov/pubmed/28954784
https://clinicaltrials.gov/study/NCT02069145
https://doi.org/10.3389/fonc.2022.891812
https://www.ncbi.nlm.nih.gov/pubmed/35600358
https://doi.org/10.1016/j.jhep.2014.10.021
https://www.ncbi.nlm.nih.gov/pubmed/25457204
https://doi.org/10.1016/j.cmet.2019.04.008
https://www.ncbi.nlm.nih.gov/pubmed/31067445
https://doi.org/10.1158/1078-0432.ccr-18-3778
https://www.ncbi.nlm.nih.gov/pubmed/30617138
https://doi.org/10.1158/1078-0432.ccr-09-1978
https://www.ncbi.nlm.nih.gov/pubmed/20233882
https://doi.org/10.1021/acs.jproteome.4c00099
https://www.ncbi.nlm.nih.gov/pubmed/38980715
https://doi.org/10.1016/j.jhepr.2024.101186
https://www.ncbi.nlm.nih.gov/pubmed/39583094
https://doi.org/10.1038/s41698-024-00752-1
https://www.ncbi.nlm.nih.gov/pubmed/39548284
https://doi.org/10.1038/s41598-021-96167-0
https://www.ncbi.nlm.nih.gov/pubmed/34429454
https://doi.org/10.3390/ijms27104241
https://www.ncbi.nlm.nih.gov/pubmed/42196223
https://doi.org/10.1159/000509554
https://www.ncbi.nlm.nih.gov/pubmed/33083276
https://doi.org/10.1007/s00330-020-06687-y
https://www.ncbi.nlm.nih.gov/pubmed/32064560
https://doi.org/10.1148/rg.210206
https://www.ncbi.nlm.nih.gov/pubmed/35776676
https://doi.org/10.1038/s41416-021-01389-8
https://www.ncbi.nlm.nih.gov/pubmed/33941878
https://doi.org/10.3390/curroncol33100576


Curr. Oncol. 2026, 33, 576 40 of 40

190. Tabernero, J.; Van Cutsem, E.; Garralda, E.; Tai, D.; De Braud, F.; Geva, R.; van Bussel, M.T.J.; Dotti, K.F.; Elez, E.; de Miguel,
M.J.; et al. A Phase Ib/II Study of WNT974 + Encorafenib + Cetuximab in Patients with BRAFV600E-MutantKRASWild-Type
Metastatic Colorectal Cancer. Oncologist 2023, 28, 230–238. [CrossRef] [PubMed]

191. El-Khoueiry, A.B.; Ning, Y.; Yang, D.; Cole, S.; Kahn, M.; Zoghbi, M.; Berg, J.; Fujimori, M.; Inada, T.; Kouji, H.; et al. A phase I
first-in-human study of PRI-724 in patients (pts) with advanced solid tumors. J. Clin. Oncol. 2013, 31, 2501. [CrossRef]

192. Ranasinghe, P.; Addison, M.L.; Dear, J.W.; Webb, D.J. Small interfering RNA: Discovery, pharmacology and clinical development—An
introductory review. Br. J. Pharmacol. 2023, 180, 2697–2720. [CrossRef] [PubMed]

193. Lee, J.-S.; Heo, J.; Libbrecht, L.; Chu, I.-S.; Kaposi-Novak, P.; Calvisi, D.F.; Mikaelyan, A.; Roberts, L.R.; Demetris, A.J.; Sun, Z.;
et al. A novel prognostic subtype of human hepatocellular carcinoma derived from hepatic progenitor cells. Nat. Med. 2006, 12,
410–416. [CrossRef] [PubMed]

194. Hoshida, Y.; Nijman, S.M.B.; Kobayashi, M.; Chan, J.A.; Brunet, J.-P.; Chiang, D.Y.; Villanueva, A.; Newell, P.; Ikeda, K.; Hashimoto,
M.; et al. Integrative Transcriptome Analysis Reveals Common Molecular Subclasses of Human Hepatocellular Carcinoma.
Cancer Res. 2009, 69, 7385–7392. [CrossRef] [PubMed]

195. Pfister, D.; Núñez, N.G.; Pinyol, R.; Govaere, O.; Pinter, M.; Szydlowska, M.; Gupta, R.; Qiu, M.; Deczkowska, A.; Weiner, A.; et al.
NASH limits anti-tumour surveillance in immunotherapy-treated HCC. Nature 2021, 592, 450–456. [CrossRef] [PubMed]

196. Cui, C.; Zhou, X.; Zhang, W.; Qu, Y.; Ke, X. Is β-Catenin a Druggable Target for Cancer Therapy? Trends Biochem. Sci. 2018, 43,
623–634. [CrossRef] [PubMed]

197. Dantzer, C.; Dif, L.; Vaché, J.; Basbous, S.; Billottet, C.; Moreau, V. Specific features of ß-catenin-mutated hepatocellular carcinomas.
Br. J. Cancer 2024, 131, 1871–1880. [CrossRef] [PubMed]

198. Li, K.; Tokareva, O.S.; Thomson, T.M.; Wahl, S.C.T.; Travaline, T.L.; Ramirez, J.D.; Choudary, S.K.; Agarwal, S.; Walkup, W.G.;
Olsen, T.J.; et al. De novo mapping of α-helix recognition sites on protein surfaces using unbiased libraries. Proc. Natl. Acad. Sci.
USA 2022, 119, e2210435119. [CrossRef] [PubMed]

199. Liao, H.; Li, X.; Zhao, L.; Wang, Y.; Wang, X.; Wu, Y.; Zhou, X.; Fu, W.; Liu, L.; Hu, H.-G.; et al. A PROTAC peptide induces
durable β-catenin degradation and suppresses Wnt-dependent intestinal cancer. Cell Discov. 2020, 6, 35. [CrossRef] [PubMed]

200. Tokareva, O.S.; Li, K.; Travaline, T.L.; Thomson, T.M.; Swiecicki, J.-M.; Moussa, M.; Ramirez, J.D.; Litchman, S.; Verdine, G.L.;
McGee, J.H. Recognition and reprogramming of E3 ubiquitin ligase surfaces by α-helical peptides. Nat. Commun. 2023, 14, 6992.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/curroncol33100576

https://doi.org/10.1093/oncolo/oyad007
https://www.ncbi.nlm.nih.gov/pubmed/36811382
https://doi.org/10.1200/jco.2013.31.15_suppl.2501
https://doi.org/10.1111/bph.15972
https://www.ncbi.nlm.nih.gov/pubmed/36250252
https://doi.org/10.1038/nm1377
https://www.ncbi.nlm.nih.gov/pubmed/16532004
https://doi.org/10.1158/0008-5472.can-09-1089
https://www.ncbi.nlm.nih.gov/pubmed/19723656
https://doi.org/10.1038/s41586-021-03362-0
https://www.ncbi.nlm.nih.gov/pubmed/33762733
https://doi.org/10.1016/j.tibs.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/30056837
https://doi.org/10.1038/s41416-024-02849-7
https://www.ncbi.nlm.nih.gov/pubmed/39261716
https://doi.org/10.1073/pnas.2210435119
https://www.ncbi.nlm.nih.gov/pubmed/36534810
https://doi.org/10.1038/s41421-020-0171-1
https://www.ncbi.nlm.nih.gov/pubmed/32550000
https://doi.org/10.1038/s41467-023-42395-z
https://www.ncbi.nlm.nih.gov/pubmed/37914719
https://doi.org/10.3390/curroncol33100576

	Introduction 
	Liver Cancer Incidence, Mortality, and Complications with Diagnosis 
	Current Therapeutic Landscape: Chemotherapy, Targeted Therapy, Immunotherapy, and Combination Treatments 
	Introduction to -Catenin: Dual Role in Cell Adhesion and Wnt/-Catenin Signaling Pathway 

	-Catenin Signaling in Hepatocellular Carcinoma 
	Aberrant -Catenin Activation in HCC: Mechanism and Origin/Existence and Relevance 
	Consequences of Constitutive -Catenin Activation Phenotype and Function/Biological Consequence 
	Effects on Hepatic Differentiation and Tumor Phenotype 
	Effects on Tumor Cell Behavior 
	Stemness, Plasticity and Dedifferentiation 
	Tumor Microenvironment and Immune Consequences 

	Crosstalk with Other Oncogenic Pathways 
	Cooperative 
	Context-Dependent 


	Mechanisms Linking -Catenin to Drug Resistance 
	Generalized Mechanisms of Resistance 
	Chemotherapy Resistance 
	Targeted Therapy Resistance 
	Sorafenib 
	Regorafenib 
	Levantinib 
	Cabozantinib 

	Immunotherapy Resistance 
	Anti-PD1 Therapy 
	Anti-PDL1 Therapy 
	CTLA-4 Blockade and Combined Checkpoint Inhibitor Therapy 


	Therapeutic Strategies Targeting -Catenin in HCC 
	Targeting -Catenin Transcriptional Activity 
	-Catenin-TCF/LEF Disruption/Inhibition 
	-Catenin-CBP Inhibition 
	-Catenin/CBP-Directed Modulation 
	BCL9 Cofactor Inhibition 
	TBL1/-Catenin Inhibition 

	Targeting Upstream Wnt Signaling and -Catenin Stability 
	Extracellular Wnt Blockade 
	PORCN Inhibition 
	CXCR6 Inhibition 
	Indirect/Repurposed Pathway Modulation 

	Direct CTNNB1 Suppression Using Nucleic Acid-Based Therapeutics 
	Antisense-Mediated CTNNB1 Suppression 
	RNA Interference 

	Targeting Immune and Metabolic Consequences of -Catenin Activation 
	Immune Reprogramming 
	Metabolic Reprogramming 

	Biomarker-Guided -Catenin-Directed Therapy 
	Nuclear -Catenin Accumulation and Glutamine Synthetase Expression 
	Genome Profiling 
	Molecular Profiling and Emerging Techniques 
	The Non-Invasive Biomarker, EOB-MRI 

	Clinical Translation and Limitations of Systemic Wnt/-Catenin Inhibition 
	Frizzled Receptor and Wnt Ligand Inhibition Limitations 
	PORCN Inhibition Limitations 
	-Catenin Inhibition and Modulation Limitations 


	Future Directions/Conclusions 
	References

