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Abstract: Hepatocellular carcinoma (HCC), characterized by significant morbidity and mortality
rates, poses a substantial threat to human health. The expression of ligands and receptors within the
classical and non-classical Wnt signaling pathways plays an important role in HCC. The Wnt signaling
pathway is essential for regulating multiple biological processes in HCC, including proliferation,
invasion, migration, tumor microenvironment modulation, epithelial-mesenchymal transition (EMT),
stem cell characteristics, and autophagy. Molecular agents that specifically target the Wnt signaling
pathway have demonstrated significant potential for the treatment of HCC. However, the precise
mechanism by which the Wnt signaling pathway interacts with HCC remains unclear. In this paper,
we review the alteration of the Wnt signaling pathway in HCC, the mechanism of Wnt pathway
action in HCC, and molecular agents targeting the Wnt pathway. This paper provides a theoretical
foundation for identifying molecular agents targeting the Wnt pathway in hepatocellular carcinoma.
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1. Introduction

Hepatocellular carcinoma (HCC) is currently recognized as the fifth most prevalent
malignant neoplasm globally and ranks third in terms of cancer-related mortality. The
global incidence of HCC is estimated to be around 500,000 cases annually, with a con-
cerning upward trend in both morbidity and mortality rates over time [1]. The primary
causes of HCC include infection with hepatitis B virus (HBV) or hepatitis C virus (HCV),
type 2 diabetes mellitus, consumption of aflatoxin-contaminated food, excessive alcohol
consumption, obesity, tobacco use, and poor dietary habits [2,3]. Hepatocellular carcinoma
development is now understood to be a multi-step process controlled by the accumulation
of genetic and epigenetic alterations that inactivate tumor suppressor genes or activate
oncogenes, leading to dysregulation of fundamental cellular processes [4]. Several signaling
pathways have been implicated in the development of HCC, including the Ras/Raf/MAPK,
PIBK/Akt/mTOR, JAK/STAT, Wnt/ 3-catenin, Hippo, Notch, and Hedgehog pathways,
which contribute to HCC by influencing the biological behaviors of hepatocytes, such as
proliferation, differentiation, apoptosis, metastasis, and angiogenesis [5].

The Wnt family of proteins comprises cysteine-rich, lipid-modified, secreted glycopro-
teins. Currently, nearly 20 members of this family have been identified in mammals. Wnt
receptors are a group of proteins that serve as ligands for Wnt family proteins. This group
includes the Frizzled (Fzd) family of receptors, LDL receptor-related proteins (LRPs) 5 and
6, Ror2, and Ryk. These receptors facilitate distinct intracellular signaling pathways [6].
Wnt signaling pathways encompass both classical and non-classical pathways. In the liver,
classical Wnt signaling pathways are particularly important for organ development and
maturation. Disruptions in Wnt signaling can lead to hepatic pathogenesis, resulting in
various hepatobiliary disorders, both benign and malignant. Moreover, aberrant Wnt sig-
naling contributes to the initiation and progression of diverse liver diseases [7]. This review
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aims to highlight the significance of the Wnt signaling pathway in HCC development and
address the current state of research in this field, hoping to inspire the search for therapeutic
approaches in liver cancer.

2. Wnt Signaling Pathway
2.1. Classical Wnt Pathway

The classical Wnt pathway, known as the Wnt/3-catenin pathway (Figure 14A), is
aberrantly activated in liver disease and tumorigenesis. Approximately 20-35% of HCCs
exhibit genetic mutations and aberrant activation of key genes involved in this regulatory
pathway. Aberrant activation of Wnt/ 3-catenin, often due to mutations in (3-catenin itself,
results in accelerated growth and spread of HCC [8]. In the absence of extracellular Wnt
ligands, Wnt signaling is maintained in an off state. 3-catenin binds to the destruction
complex, composed of APC, GSK-3f3, Axin, and CKl«. 3-catenin is sequentially phospho-
rylated by CK1w at Ser45 and then by GSK-3f3 at Ser33, Ser37, and Thr41. Subsequently,
it is recognized and ubiquitinated by the E3 ligase subunit 3TrCD, leading to 3-catenin
degradation [9,10]. In the nucleus, TCF/LEF binds to Groucho, forming a repressive com-
plex that inhibits the expression of Wnt target genes [11]. In the presence of extracellular
Wnt ligands, which bind to Fzds and activate the classical Wnt pathway, LRP5/6 is phos-
phorylated by GSK-3f3 and CK1«, recruiting the scaffolding protein Axin. Fzds recruits
Dishevelled (Dvl) to the plasma membrane, which disrupts the destruction complex [12]. In
the nucleus, 3-catenin acts as a scaffold for TCF/LEF, recruiting co-activators such as CBP,
PYGO, LGS/BCLY, and others, leading to the transcription of target genes. Wnt/3-catenin
plays an important role in a variety of tumors, promoting proliferation, migration, and
invasion in gastric cancer [13], lung cancer [14], colon cancer [15], and other tumors.
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Figure 1. Wnt signaling pathway. (A) Classical Wnt signaling pathway. (B,C) Non-classical Wnt
signaling pathway.
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2.2. Non-Classical Wnt Pathway

Non-classical Wnt pathways primarily include the Wnt-Ca®* and the Wnt-PCP signal-
ing pathways (Figure 1B,C).

2.2.1. Wnt-PCP Signaling Pathway

The Wnt-PCP signaling pathway is typically triggered by Wnt4, Wnt5a, Wnt5b, Wnt7b,
and Wntll [16,17]. Fzds on the cell membrane surface remain the primary receptors
for Wnts, while receptor-like tyrosine kinase (RYK) [18], receptor tyrosine kinase-like
orphan receptor 1/2 (ROR1/2) [19], musculoskeletal receptor tyrosine kinase (MUSK) [20],
and protein tyrosine kinase 7 (PTK7) [21] serve as secondary receptors for Fzds. The
binding of non-classical Wnts to Fzds leads to Dvl phosphorylation and Fzds-Dvl complex
formation, and the interaction between Dvl and Dvl-associated activator of morphogenesis
(DAAM) activates the small GTPases Racl [22] and Ras homologous gene family member
A (RhoA) [23]. Racl activates JNK [24], which further phosphorylates the c-Jun at Ser63
and Ser73 [25]. RhoA subsequently activates diaphanousl and Rho-associated coiled-coil
containing protein kinase (ROCK) [26]. These PCP effectors lead to lateral asymmetric
development of epithelial and other structures, as well as cell polarity and migration
by remodeling the cytoskeleton [27]. The Wnt-PCP pathway is upregulated in breast,
ovarian, and pancreatic cancers, and its upregulation has been associated with a poor
prognosis [28]. Activation of Wnt-PCP signaling enhances self-renewal capacity and
sustained migration/invasion of ovarian cancer cells [29]. Vangl2-dependent Wnt-PCP
signaling promotes breast cancer cell migration and invasion [30]. Activation of the Wnt-
PCP pathway reportedly promotes HCC metastasis [31], although the exact mechanism
has not been clarified.

2.2.2. The Wnt-Ca?* Signaling Pathway

The Wnt-Ca®* signaling pathway is primarily triggered by Wnt5a. When Wnts bind
to Fzds and Dvl, pertussis toxin-sensitive heterotrimeric G-protein subunits activate phos-
pholipase C (PLC), increasing the cytoplasmic Ca?* level [32]. The increased Ca®* in
the concentration activates protein kinase C (PKC) and calmodulin-dependent kinase II
(CAMKII). Additionally, the increased calmodulin-dependent phosphatase activity acti-
vates the nuclear factor of activated T cells (NFAT) [33]. CAMK II stimulation activates
TGFf-activated kinase 1 (TAK1), followed by nemo-like kinase (NLK) activation, leading
to TCF phosphorylation and inhibition of 3-catenin/TCF signaling. The Wnt-Fzd-Dvl
complex can also inactivate protein kinase G (PKG), which in turn increases Ca®* concen-
tration. The Wnt-Ca?* signaling pathway in colon cancer is associated with an aggressive
phenotype in cancer patients, leading to a shorter survival time [34].

3. Altered Wnt Signaling in Hepatocellular Carcinoma
3.1. Expression of Wnt Ligands in the Classical Pathway in HCC

The activation of classical Wnt pathways is typically initiated by various ligands, such
as Wntl, Wnt2, Wnt3, Wnt3a, Wnt8b, Wnt10a, Wnt10b, and others [35] (Table 1). One
possible mode of Wnt secretion involves direct release into the extracellular compartment,
where Wnts after endoplasmic reticulum and Golgi modifications move to the cell surface.
Wnt molecules then bind via autocrine secretion to receptors on the secreting cells or to
neighboring cells via paracrine secretion [36]. Another model involves the transport of
Wnts after endoplasmic reticulum and Golgi modification in an endosome-dependent
manner. These Wnts are then secreted into the extracellular matrix by exosomes, which are
efficient carriers [37]. Wnt1 expression is increased in HCC. Wnt1 binds to the Fzd receptor
on target cells, leading to the accumulation and nuclear translocation of 3-catenin. In HCC,
silencing Wnt1 inhibits HCC cell growth and invasion and induces cell death [38]. LncRNA
RPPH1, a competitive endogenous RNA in HCC cells, regulates miR-122 and Wnt1 and
their downstream targets, promoting HCC development [39]. Wntl activates the 3-catenin
signaling pathway in M2-type macrophages, leading to the proliferation and malignant
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transformation of HCC cells. This process is associated with the Wnt-PCP signaling
pathway. Cadherin specifically targets and blocks Wntl transcription, thereby inactivating
the -catenin signaling cascade in HCC cells [40]. Wnt2b expression is upregulated in
HCC and induces pro-tumorigenic effects of HCC tumor-associated macrophages (TAMs)
in vivo. This effect is achieved by promoting M2-type macrophage polarization via the
Wnt2b/ 3-catenin signaling pathway. Overexpression of Wnt2b in macrophage cultures
significantly increases the expression of EMT-related transcription factors Snail, Twist, and
ZEB1 in HCC cells, as well as the mesenchymal markers N-cadherin and vimentin. This
effect is attributed to the activation of the Wnt-PCP signaling pathway. In contrast, silencing
of Wnt2b or CTNNBI significantly inhibits the proliferation and migration of HCC cells [41].
Increased expression of Wnt3 in HCC activates the canonical Wnt/ 3-catenin signaling
pathway, resulting in significant transforming activity and morphological changes [42].
Furthermore, it promotes the growth and migration of HCC cells and plays a crucial role in
regulating the proliferation of HCC cell lines in vitro [43]. Wnt3 has two N-glycosylation
modification sites. The simultaneous mutation of both sites decreases Wnt3’s binding ability
to Fzd7, decreasing Wnt-[3-catenin protein levels and inhibiting the proliferation, migration,
and invasion of HCC [44]. In the context of HCC, Wnt3 triggers the activation of the
Wnt/ 3-catenin signaling pathway by activating Fzd-7 through an autocrine or paracrine
mechanism. Wnt3a expression is increased in HCC, and there is a positive correlation
between Wnt3a and the expression of Notch3 and Hesl in the Notch pathway, which
synergistically promotes the stem cell-like properties, recurrence, and metastasis of HCC.
Suppression of Wnt3a expression inhibits the growth of HCC cells by inducing cell cycle
arrest in the GO/G1 phase. It also reduces the expression of c-myc, a gene regulated by
Wnt3a, thereby controlling the cell cycle and spread of HCC [45]. The overexpression of
Wnt3a is directly associated with the clinical stage, higher tumor-lymph node metastatic
stage, and 5-year survival. Additionally, Wnt3a is an independent prognostic factor for
HCC that is linked to HBV infection and liver cirrhosis [46]. Following the use of Wnt3
siRNA, the reduction in Wnt3 expression resulted in lower (3-catenin levels and a significant
reduction in TCF transcriptional activity compared with controls, exhibiting anti-metastatic
and anti-proliferative effects [47]. In HCC, Wnt8b expression is elevated and activates the
canonical Wnt signaling pathway to promote HCC cell proliferation. ZNF191 stimulates
the canonical Wnt/ 3-catenin signaling pathway, increasing HCC growth. ZNF191, which
stimulates the proliferation of liver cancer cells by activating (3-catenin and Wnt8b, is linked
to the expression of Wnt8b [48,49]. Wnt10b expression is increased in HCC and plays a
regulatory role in the cytogenesis, differentiation, and proliferation of HCC by activating
the Wnt/ 3-catenin signaling pathway [50]. A study demonstrated that the knockdown
of NSD1, mediated by the CRISPR/Cas9 system, significantly hinders the migration and
invasion capacity of HCC cells by deactivating Wnt10b [51].

3.2. Expression of Non-Classical Pathway WNT Ligands in HCC

Non-classical Wnt pathways are typically triggered by Wnt5a, Wnt7a, Wntl1, etc.
(Table 1). Wntba is a tumor suppressor with reduced expression in HCC. Furthermore,
there is a negative correlation between the expression of Wnt5a and HCC [52]. Wntba
overexpression has been reported to inhibit the ability of HCC cells to progress from the
GO0/G1 phase to the S phase of the cell cycle and reduce their ability to proliferate, invade,
and migrate [53]. Moreover, a decrease in the expression of Wnt5a is an independent
and reliable indicator of a poor prognosis in patients with HCC [54]. Another study
revealed a positive correlation between low levels of cytoplasmic Wnt5a expression and
low levels of cytoplasmic Ror2 expression, as well as abnormal (3-catenin expression in
HCC tissues. Thus, Wntba suppresses the biological features of HCC by inhibiting the Ror2-
mediated signaling pathway, which hinders the canonical Wnt/ 3-catenin pathway [55].
In HCC cell lines, knockdown of Wnt5a decreases the production of E-calmodulin, and
overexpression of Wnt5a decreases the expression of waveform proteins, demonstrating
that Wnt5a can be mediated through EMT-mediated invasion in HCC [56]. Increased
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expression of Wnt5a reduces the proliferation and EMT promoters Vimentin, SNAI2,
MMP2, and MMP9. Consequently, Wnt5a inhibits classical Wnt signaling in HCC cells
by suppressing EMT [57]. Expression of Wnt7a is decreased in HCC, and Wnt7a inhibits
the migration of HCC cells by reducing the expression of EMT markers. Additionally,
overexpression of Wnt7a inhibits the growth and migration of HCC cells and induces
apoptosis by decreasing the activity of SKP2/P21 [58]. A study revealed that Wntl1
expression is downregulated in HCC, and overexpression of Wntl11 activates protein kinase
C, antagonizes classical Wnt signaling by promoting the phosphorylation of 3-catenin, and
inhibits proliferation and migration of HCC cells by modulating RhoA /ROCK and Racl
activities [59].

Table 1. Wnt ligands in HCC.

Ligand Signaling Pathway Alterations and Roles in HCC Ref.
Wntl Canonical High expressed in HCC [38,40]
. High expressed in HCC
Wnt2b Canonical Induced TAMs in HCC [41]
. High expressed in HCC )
Wni3a Canonical Involved in the regulation of the cell cycle [4546]
Wnt8b Canonical Activated by ZN191 in HCC [48,49]
Wnt10b Canonical High expressed in HCC [50]
Wntba Non-canonical Inhibited EMT, Wnt/ 3-catenin in HCC [53,57]
Wnt7a Non-canonical Inhibited EMT in HCC [58]
Wntll Non-canonical Downregulation in HCC [59]

3.3. Altered Expression of Classical Wnt Pathway Receptors

Fzds, 7-transmembrane proteins on the cell membrane surface, act as the primary
receptors for Wnts. Additionally, LRPs, single -transmembrane domain proteins, function
as secondary receptors for Fzds [60] (Table 2).

Each member of the Fzd family possesses three distinct regions: a seven-transmembrane
domain involved in cellular junctions, a C-terminal cytoplasmic domain, and a highly
conserved N-terminal extracellular cysteine-rich domain responsible for binding to Wnt
ligands. Fzd3 expression is elevated in HCC cells and tissues, while MDRI, a target gene
of the Wnt pathway, is significantly upregulated in drug-resistant cell lines and HCC
tissues. Notably, Fzd3 and MDR1 expression levels are positively correlated. Knockdown
of Fzd3 was found to reverse HCC resistance to cisplatin and adriamycin chemotherapy
by inhibiting the Wnt/(3-catenin signaling pathway in HCC [61]. Fzd7 is highly expressed
in transgenic mouse models of both HCC and human cancers. It reportedly promotes the
proliferation and migration of HCC cells through activation of the Wnt/ 3-catenin signaling
pathway. A combined expression analysis of Fzd7 and GPC3 genes offers higher diagnostic
sensitivity and accuracy for early-stage HCC than AFP [62,63]. The Fzd7 receptor binds
with Wnt ligands to enhance the durability and initiation of the Wnt/ 3-catenin signaling
pathway. This interaction suppresses the phosphorylation of 3-catenin and promotes the
growth and motility of HCC cells [64]. Target genes are activated via the Wnt/3-catenin
and Hippo signaling pathways when Fzd10 facilitates the nuclear translocation of 3-catenin
and YAP1. This process promotes tumor growth, HCC stem cell self-renewal, and metasta-
sis. Fzd10 overexpression activates the c-Jun/MEK/ERK axis, rendering HCC cells more
resistant to levatinib [65]. LRP5/6 functions as a co-receptor in the Wnt/3-catenin signaling
pathway. Upon Wnt binding to Fzd and LRP5/6, GSK-3f activity is decreased, Dvl is
activated, and the canonical Wnt pathway is initiated. LRP5/6 expression is significantly
elevated in HCC, and its overexpression stimulates HCC development and augments cell
proliferation, migration, and invasion [66]. LRP6 exhibits a strong correlation with malig-
nant characteristics and poor prognosis in HCC. It promotes HCC proliferation, invasion,
and migration by upregulating Cellular Communication Network Factor 2 (CCN2), which
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enhances stem cell properties of HCC [67]. BAMBI is a transmembrane glycoprotein that
shares significant homology with TGF-3 /BMP1-type receptors but lacks the intracellular
serine/threonine kinase domain. BAMBI inhibits the canonical Wnt/ 3-catenin pathway
and TGEF-f signaling, thereby suppressing HCC development and being associated with a
negative prognosis [68].

3.4. Alterations in Non-Classical Wnt Signaling Pathway Receptors

Fzd2 expression is upregulated in HCC tissues. This upregulation promotes cell
proliferation, migration, and invasion; inhibits apoptosis; and enhances of the stem cell
properties of HCC [69]. Fzd2 can induce EMT via the non-canonical Wnt pathway, and
suppressing Fzd2 decreases the invasive and migratory capabilities of HCC cells. Phospho-
rylation of the EMT-inducing factor Stat3, regulated by the Wnt5/Fzd2 signaling pathway
in HCC cell lines, is associated with Fzd2-dependent EMT and cell migration, contributing
to the occurrence of EMT [70]. Ror2, a member of the tyrosine kinase superfamily, acts as a
co-receptor for receptor complexes alongside the Fzd receptor. Its primary function is to
serve as a receptor for Wntba in the non-canonical Wnt pathway [71]. The Wnt5a/Ror2
signaling pathway is involved in HCC differentiation. Decreased Ror2 expression acti-
vates the non-canonical Wnt pathway, which stimulates the canonical Wnt pathway. This
activation leads to the dedifferentiation of HCC cells, a prognostic indicator for HCC [72].

Table 2. Wnt receptors and co-receptors in HCC.

Receptor Signaling Pathway Alterations and Roles in HCC Ref.
Fzd3 Canonical Highly expressed in HCC [61]
Fzd7 Canonical Highly expressed in HCC [62,63]

Fzd10 Canonical Highly expressed in HCC [65]
LRP6 Canonical Activated by stemness in HCC [67]

Bambi Canonical Downregulation in HCC [68]
Fzd2 Non-canonical Hg?i}éreggéﬁ;?nirh%gc [69,70]
Ror2 Non-canonical Downregulation in HCC [72]

4. Wnt Signaling Regulates the Biological Behavior of Hepatocellular Carcinoma Cells
4.1. Regulation of HCC Cell Proliferation, Migration, and Apoptosis

The Wnt signaling system regulates the growth, migration, and survival of HCC cells
(Figure 2A). Zinc finger E box-binding homeobox 1 (ZEB1) stimulates the Wnt/ 3-catenin
signaling cascade, which is regulated by miR-708, in hepatocellular carcinoma cells, enhanc-
ing their proliferation, motility, and invasion and suppressing cell death [73]. Furthermore,
miR-342 and miR-639 can regulate the growth and apoptosis of hepatocellular carcinoma
cells by influencing the Wnt/ 3-catenin signaling pathway [74,75]. Tripartite-motif (TRIM)
proteins are a specific group of E3 ubiquitin ligases. Alterations in TRIM expression have
been linked to cancer metastasis and poor prognosis in HCC patients. TRIMb54 is up-
regulated in HCC and activates the Wnt/3-catenin signaling pathway by ubiquitinating
Axinl. This activation stimulates HCC cell growth and migration. Additionally, increased
TRIM54 expression is associated with HCC occurrence and poor prognosis [76]. Conversely,
TRIM16 promotes [3-catenin ubiquitination, suppressing the Wnt/ 3-catenin signaling path-
way in HCC. Consequently, decreased {3-catenin levels inhibit the proliferation, motility,
and invasion of HCC cells [77]. TRIM36 facilitates apoptosis by interacting with Caspase-3
and Caspase-7, apoptotic effectors. Moreover, TRIM36 enhances apoptosis and inhibits the
growth, migration, and invasion of HCC cells by suppressing the Wnt/3-catenin signaling
pathway [78]. SRY-Box transcription factor (SOX) is a member of the transcription factor
(TF) family, while NLK functions as a MAPK-like kinase regulating oncogenic signaling
pathways [79]. In HCC tissues, SOX11 increased TCF4 phosphorylation and NLK expres-
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sion, inhibiting the Wnt/ 3-catenin signaling pathway. As a result, apoptosis was induced,
and HCC cell proliferation was suppressed [80,81]. A favorable prognosis for HCC is
associated with decreased Sox15 expression, which also deactivates the Wnt pathway to
inhibit HCC growth. Furthermore, hypermethylation of the SOX15 promoter inhibits HCC
development and proliferation by blocking the Wnt/ 3-catenin signaling pathway [82].

£81 iR
C z . miR-639 | TRIM36 )%,5 A B
< » miR-708 '3’/% cancer-associated fibroblasts
BEXT a 4 4 7
y AXIN
o 7 RUNX3 'Wnt/B catemn
iR-342
(DK6 mi / \ >
SOX15 NLK/TCF4 %
SOX11 miR-20a-5pd
\ / \ ¢
Wnt/ B-catenin proliferation, migration and apoptosis
x
f . macrophage VAL
stemness \ / TME and EMT
EPHB2 MALATI /
«
MBD2 wnts 3 Ok Wnt/ 3-catenin
, ;
L/ ; ;
Destruction of Y SIgOgeness
complexes N "}‘ (
HNRNPM 3 Bcell
40 + A\
drugresistance  , / / /S S/ autophagy dendritic ceIIs,_\vA
= HE el P
circRNA-SORE 5 -
* .. + @ D
% v FH535 E
A S Sorafenib
»
3 E t, @ \
% 3 )
3| one? F2d10 E » Wnt/B-catenin
autophagy ’
Wntl B catenm
GSK3B) «— (CpKs / 4
PAKS y . e
(_j < v C l CIUNMEKERK N Lenvatinib 669
Sorafenib  (ABCBY  Adriamycin a

Figure 2. Wnt signaling regulates HCC biological behavior. (A) Biomolecules act on Wnt signaling
pathway to regulate proliferation, invasion, and apoptosis in HCC. (B) Tumor microenvironment acts
on Wnt signaling pathway to regulate HCC. (C) Wnt signaling pathway regulates stem cell properties
to regulate HCC. (D) Dual role of autophagy in hepatocellular carcinoma is achieved through Wnt
pathway. (E) Wnt signaling pathway plays a role in drug resistance.

4.2. Tumor Microenvironment and EMT

The tumor microenvironment (TME) comprises immune cells, blood vessels, extracel-
lular matrix (ECM), fibroblasts, lymphocytes, bone marrow-derived inflammatory cells,
and signaling factors [83]. Wnt ligands, secreted by stromal and inflammatory cells within
the extracellular matrix of the TME, facilitate tumor invasion, migration, and immune
tolerance (Figure 2B). The TME stimulates EMT in tumor cells, promoting tumor metastasis.
EMT, which promotes the survival of cancer stem cells (CSCs), involves WNT signaling [84].
Within the TME, the presence of CSCs is linked to HCC aggressiveness, drug resistance,
and recurrence [85].

Cancer-associated fibroblasts (CAFs) are essential components of the TME, supporting
and regulating various tumor cell processes, including angiogenesis, migration, invasion,
apoptosis, proliferation, and drug resistance [86]. Tumor cells undergoing EMT are recog-
nized as one of the sources of CAFs in the TME [87]. The tumor suppressor gene LIMA1
inhibits HCC progression by suppressing the Wnt/ 3-catenin signaling pathway. CAFs
secrete exosomes to regulate tumor progression, and their exosomal miR-20a-5p mediates
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the downregulation of LIMA1 levels and promotes the malignant phenotype of HCC [88].
EMT is strongly associated with not only invasion and metastasis but also proliferation [89].
EMT is crucial during the early stages of HCC cell invasion and metastasis [90]. In HCC,
the activation of classical Wnt signaling triggers the interaction between intracellular E-
calmodulin and (-catenin, forming a complex. This complex induces EMT, facilitating
HCC cell invasion and metastasis [91]. TDP-43, highly expressed in HCC, activates the
Wnt/ 3-catenin signaling pathway by inhibiting GSK-33 protein translation and suppress-
ing -catenin phosphorylation. This, in turn, activates downstream target genes CyclinD1
and c-Myc, induces EMT, and promotes HCC progression [92].

TAMs are a significant component of the TME. TAMs contribute to tumor progres-
sion, angiogenesis, metastasis, and immune suppression by producing various cytokines,
chemokines, growth factors, and matrix metalloproteinases (MMPs). Wnt ligands secreted
by macrophages can activate the Wnt signaling pathway in cancers cells. Cancer cells can
also activate the Wnt/ 3-catenin signaling pathway in macrophages by secreting Wnt lig-
ands. Through paracrine mechanisms, HCC cells can activate the Wnt/(3-catenin signaling
pathway, leading to M2 macrophage polarization and promoting tumor growth [93,94].
Dendritic cells (DCs) exhibit higher levels of -catenin and GSK-3f3, two molecules in-
volved in the Wnt signaling pathway, than monocytes. The crosstalk between Wnt and
MAPK signaling pathways has been implicated in dendritic cell differentiation, maturation,
and function [95]. B-catenin activation contributes to immune evasion in HCC by affecting
DC recruitment and antigen-specific T cell function [96].

HCC patients harboring CTNNB1 mutations exhibit a significant decrease in the
abundance of CD8+ T cells, CD4+ T cells, Th2 cells, Tfh cells, and B cells [97]. Moreover, the
Wnt/ 3-catenin signaling pathway is essential for regulating angiogenic factors, stimulating
tumor angiogenesis. HCC is characterized by hypervascularity and vascular abnormalities,
and Wnt signaling is necessary for angiogenesis [98].

4.3. Stemness

Significant CSC features are present in HCC, and growing evidence indicates that
tumor stem cells and immune evasion are crucial factors in tumor development, pro-
gression, and metastasis (Figure 2C). BEX1, an HCC stem cell marker, promotes HCC
tumorigenesis and stemness. BEX1 interacts with RUNX3 to inhibit RUNX3-mediated
[3-catenin transcriptional repression, activating the Wnt/ 3-catenin signaling pathway and
maintaining CSC-HCC stemness. Downregulation of BEX1 expression releases RUNX3
and represses Wnt/ 3-catenin signaling in non-CSC-HCC [99]. The overexpression of
Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a transcriptional reg-
ulator, is observed in HCC and is considered a biomarker for poorly differentiated HCC
cells. MALAT1 expression is regulated through its interaction with the Wnt/ 3-catenin
signaling pathway. The interaction between MALAT1 expression and the Wnt/ 3-catenin
signaling pathway regulates HCC oncogenicity and stem cell properties. Suppression of
MALAT1 decreases 3-catenin levels and inhibits the Wnt/ 3-catenin signaling pathway,
hindering HCC stemness maintenance, growth, and metastasis [100]. Upregulation of
HNRNPM in HCC cells significantly contributes to the acquisition of CSC characteristics
and tumorigenesis in HCC while also suppressing apoptosis. HNRNPM promotes selective
splicing of MBD2. Additionally, MBD2a and MBD2c isoforms can activate HNRNPM
expression in HCC. Inhibition of HNRNPM impedes HCC progression and enhances the
efficacy of Wnt-activated HCC treatment with PD 1 blocking immunotherapy [101]. EPHB2
is a member of the EPH receptor family, comprising transmembrane glycoproteins with
receptor tyrosine kinase activity. Increased EPHB2 expression activates the Wnt/ 3-catenin
signaling pathway, enhancing HCC stemness, regulating HCC growth, and increasing
resistance to sorafenib [102].
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4.4. Autophagy

Autophagy has a dual role in the growth and progression of cancer. On one hand, it
can function as a tumor suppressor by eliminating oncogenic proteins, inducing cellular
apoptosis, triggering stress and immune responses, inhibiting reactive oxygen species,
suppressing inflammatory processes, and maintaining genomic integrity [103]. On the
other hand, autophagy can promote tumor growth by providing energy and nutrients, re-
ducing oxidative stress and hypoxia, and stimulating angiogenesis [104]. 2,5-Dichloro-N-(2-
methyl-4-nitrophenyl) benzenesulfonamide (FH535) is a synthetic compound that inhibits
the Wnt/ 3-catenin pathway. It exhibits anti-proliferative and anti-angiogenic effects on
various cancer cell types [105]. A link exists between autophagy and the Wnt/3-catenin
signaling pathway, where (3-catenin acts as a transcriptional regulator of the autophagy
marker p62 in the canonical Wnt pathway [106,107]. Upon FH535 treatment, p62mRNA
levels increase. FH535 and its derivative FH535-N efficiently inhibit HCC cell proliferation
and induce apoptosis by suppressing 3-catenin’s transcriptional activity. Moreover, the
combination of FH535 and sorafenib enhances the effects on HCC cell proliferation, apop-
tosis, and autophagy [108]. Autophagy acts as a protective mechanism for HCC cells under
hypoxic and nutrient-deprived conditions. HCC cells rely on autophagy for survival and
proliferation as it modulates lipid metabolism in hypoxic environments [109]. Monocar-
boxylate transporter protein 1 (MCT1) plays a crucial role in facilitating lactate transport
and H+ clearance in cancer cells [110]. MCTT1 is significantly upregulated in HCC tissues.
Autophagy enhances HCC cells invasion and migration by activating the Wnt/ 3-catenin
signaling pathway, which regulates glycolysis in HCC cells. Downregulation of (3-catenin
inhibits autophagy-induced glycolysis and decreases MCT1 expression in HCC cells [111].

4.5. Drug Resistance

The emergence of drug resistance in HCC patients diminishes the efficacy of drug-
based HCC treatments. Notably, the Wnt signaling pathway significantly contributes to
the development of drug resistance in HCC (Figure 2E). Lenvatinib, a potent inhibitor
of multiple receptor tyrosine kinases (RTKSs), is a primary targeted therapeutic option
for advanced HCC. Activation of the $-catenin/c-JUN/MEK/ERK pathway through the
receptor Fzd10 in the canonical Wnt pathway is crucial for the development of lenvatinib
resistance. Targeting Fzd10 can restore sensitivity to lenvatinib in HCC [65]. Cell cycle
protein-dependent kinase 6 (CDK6) binds to and regulates GSK3f activity. Through this
interaction, HCC cells’ stemness properties are enhanced, and the Wnt/ 3-catenin signaling
pathway is stimulated. HCC patients resistant to lenvatinib exhibit significantly higher
levels of CDK6 expression compared with responsive patients. Reprogramming of CDK6
kinase is a critical factor in the development of lenvatinib resistance. Targeting CDK6 has
been shown to improve lenvatinib resistance in HCC [112].

Sorafenib is a potent inhibitor of multiple kinases, and the presence of
N6-methyladenosine-modified circRNA-SORE has been found to contribute to the de-
velopment of sorafenib resistance in HCC. In HCC, circRNA-SORE increases resistance
to sorafenib treatment by acting as a competitive activator of the Wnt/3-catenin path-
way. It sponges both miR-660-3p and miR-103a-2-5p, competitively activating the Wnt/ 3-
catenin pathway. This activation ultimately leads to sorafenib resistance in HCC [113].
P21-Activated Kinases 5 (PAKD5) is a highly conserved serine/threonine protein kinase.
Research has shown that miR-138-1-3p enhances the susceptibility of HCC cells to so-
rafenib by selectively targeting PAKS. In vitro experiments have demonstrated that PAK5
reduces sorafenib-induced apoptosis in HCC cells. PAK5 promotes the transcriptional
activation of ABCB1 through the Wnt/(3-catenin pathway. PAKS facilitates ABCBI1 tran-
scriptional activation and nuclear translocation of 3-catenin. Moreover, (3-catenin binding
to the ABCB1 promoter and activating its transcriptional activation contribute to sorafenib
resistance [114].

Adriamycin is a commonly used chemotherapeutic agent for advanced HCC. Linc-
ROR, a long intergenic non-coding RNA, is upregulated in adriamycin-resistant HCC cells,
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suggesting its oncogenic role. A study investigated the role of Linc-ROR in modulating
adriamycin sensitivity and its impact on cell proliferation, EMT, and metastasis in vitro.
Suppressing Linc-ROR could inhibit EMT and increases the sensitivity of HCC cells to adri-
amycin, both in vitro and in vivo. The study findings suggested that Linc-ROR contributes
to Wnt/ 3-catenin signaling activation in HCC, promoting carcinogenesis and adriamycin
resistance, an effect mediated through the Linc-ROR/AP-2«/Wnt/ 3-catenin axis [115].

5. Molecular Agents Targeting the Wnt Pathway in Hepatocellular Carcinoma
5.1. Drugs Targeting Cell Membrane Molecules

The Secreted Frizzled-Related Proteins (SFRPs) genes specifically encode the extra-
cellular structural domain of Fzd and function as natural inhibitors of the Wnt/ 3-catenin
pathway. They achieve this by binding to the Wnt ligand and blocking its interaction with
Fzd. The expression of SFRP3, a well-known inhibitor of the Wnt signaling pathway, is
reduced in HCC tissues. When overexpressed, SFRP3 inhibits the Wnt/ 3-catenin signaling
pathway, preventing HCC growth, migration, and invasion [116]. SFRP1 acts as a sup-
pressor of the Wnt signaling pathway. Deletion or downregulation of SFRP1 expression
significantly impacts HCC. SFRP1 activates the Wnt/ 3-catenin pathway by enhancing
the binding of Wnt16B to its receptor FZD?7, leading to increased (3-catenin activity [117].
Vantictumab (OMP-18R5) can interact with the Fzd receptor to block Wnt signaling [118].
In a Phase I clinical trial (NCT02069145), the Fz8-Fc fusion protein Ipafricept (OMP-54F28)
inhibited the competitive binding of Wnt ligands to Fzd8 and could be used in combination
with sorafenib in patients with advanced HCC [119].

The utilization of Soluble frizzled-7 (Sfzd7) peptides can selectively nullify the func-
tional efficacy of Fzd7 in HCC. Sfzd7 peptides have been shown to negatively impact
both cell proliferation and the Wnt/ 3-catenin signaling pathway. These peptides have the
potential to be widely used in HCC treatment, especially in combination with conventional
chemotherapies or drugs targeting other components of the Wnt/ 3-catenin signaling path-
way. These peptides can modulate the Wnt/ 3-catenin signaling pathway in HCC, thereby
enhancing cellular sensitivity to therapeutic agents [120]. Dickkopf-1 (DKK1) expression is
elevated in HCC [121], promotes (3-catenin expression, and upregulates the expression of
RhoA and JNK of the non-classical Wnt pathway to promote invasion and metastasis in
HCC [122]. DKN-01, a humanized monoclonal antibody targeting DKK1, binds to the co-
receptors LRP5/6 and inhibits Wnt signaling. A clinical trial (NCT03645980) investigated
the effects of DKN-01 alone and in combination with sorafenib in patients with advanced
HCC [123]. S-allylmercapto cysteine (SAMC), a water-soluble active compound extracted
from Chenopodium album, acts as an anti-tumor agent in HCC by directly targeting LRP6
on HCC cell membranes [124].

5.2. Drugs Targeting Cytoplasmic Molecules

Tankyrase inhibitors, including Tankyrase 1 (TNKS1) and Tankyrase 2 (TNKS2), are
involved in various cellular processes. These enzymes are responsible for the degradation of
AXIN, promoting (3-catenin activity. In HCC, TNKS1 and TNKS2 expression is upregulated.
Tankyrase inhibitors, such as XAV939 and its derivative WXL-8, stabilize AXIN1 and AXIN2
proteins in HCC cell lines. These inhibitors reduce AXIN2 protein levels, regulating the
Wnt/ 3-catenin pathway and reducing 3-catenin/TCF4 transcriptional activity [125,126].
CK1 inhibitors, such as pyrvinium, bind to CK1«, activating and upregulating GSK3{3
expression. This leads to -catenin phosphorylation and subsequent inhibition of the
Wnt/(-catenin signaling pathway [127]. PORCN inhibitors are Membrane-bound O-
acyltransferases (MBOATSs) that acylate Wnt ligands in the endoplasmic reticulum. Their
primary function is to facilitate Wnt ligand secretion by attaching palmitoyl groups to Wnt
proteins [128]. It was demonstrated that LGK974 selectively inhibits PORCN, blocking
Wnt signaling to inhibit tumor growth [129]. CGX1321, a novel PORCN inhibitor for
clinical trials in solid tumors, has been tested in a Phase I clinical trial in HCC patients
(NCT03507998) [130]. Regarding 3-catenin inhibitors, the FDA-approved psychiatric drug
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pimozide (PMZ) has been reported to inhibit HCC proliferation by disrupting the classical
Wnt pathway, decreasing downstream expression of EpCAM and decreasing (3-catenin
expression [131]. PRI-724 inhibits the Wnt signaling pathway by interfering with the
interaction between (-catenin and CREB binding protein (CBP) [132]. PRI-724 exerts
antitumor effects on constitutive 3-catenin-activated hepatocellular carcinoma cell lines
by decreasing cell proliferative activity and enhancing apoptosis [133]. GATAS5 inhibits
[3-catenin expression and interacts with it to prevent nuclear entry, thereby reducing the
expression of downstream genes and suppressing HCC development [134].

5.3. Drugs Targeting the Nucleus

FH535 targets the Wnt/ 3-catenin signaling pathway, preventing the binding of (3-
catenin coactivators to target genes and inhibiting Wnt signaling [135]. FH535 has been
shown to restore sensitivity to lenvatinib in HCC cell lines or primary HCC cells that
overexpress Fzd10. Additionally, FH535 promotes the characterization of CSC differen-
tiation and regulates 3-catenin activity, inhibiting downstream signaling pathways and
preventing HCC development [136]. Expression of Wntl-induced signaling pathway pro-
tein 1 (WISP1), a downstream target gene of -catenin, is positively associated with HCC
development [137]. Wntl-induced signaling pathway protein 3 (WISP3) is downregulated
in HCC and inversely associated with HCC development. WISP3 inhibits 3-catenin nu-
clear translocation by activating GSK-3f3, suppressing [3-catenin/TCF/LEF signaling and
impeding HCC progression [138]. Increased TM4SF1 protein expression in HCC activates
the Wnt/ 3-catenin signaling pathway and upregulated target genes Axin2 and cyclinl.
Thus, TM4SF1 is a promising therapeutic target for HCC treatment of HCC [139] (Figure 3)
(Table 3).

Wnt/B-catenin singaling pathway

DKNO1
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Figure 3. Molecular drugs and targets targeting the Wnt pathway in hepatocellular carcinoma.
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Table 3. Molecular agents targeting the Wnt pathway in HCC.

Drug Mechanisms on Wnt Signaling Pathway Clinical Trails and Phase Ref.

SERP1/SFRP3 Binding to Wnt ligand .and inhibiting its interaction [116,117]

with FZD
OMP-18R5 Interacts with Fzd receptors [118]
OMP-54F28 Inhibition of competitive binding of Wnt ligands to Fzd8 NCT02069145/1 [119]
Sfzd7 Specific elimination of functional activity of Fzd7 in HCC [120]
DKN-01/DKN-01 . NCT03645980/11

United Sorafeni Binds to the co-receptor LRP5/6 NCT03645980/1 [123]
SAMC Direct targeting of LRP6 on HCC cell membranes [124]

XAV939/WXL-8 Stabilizes AXIN protein l.evels an.d 1.'educes {3-catenin [125,126]

transcriptional activity
. Activation of CK1« leads to beta-linked protein
Pyrvinium . [127]
phosphorylation

LGK974/CGX1321 Selective inhibition of PORCN [129,130]
PMZ Decreases (3-catenin and EpCAM protein expression. [131]
PRI-724 Blocking the interaction between 3-catenin and CBP [133]
GATA5 Inhibition of 3-catenin expression [134]
FH535 Inhibition of 3-catenin co-activator recruitment to [136]

target genes

WISP1/WISP3 Negative regulation of -catenin/TCF/LEF signaling [137,138]

TMA4SF1 Upregulation of target genes Axin2 and cyclinl [139]

Curegenix Inc. & Merck, S. and D.C. Phase I Dose-Escalation Study of CGX-1321 in Subjects with Advanced
Gastrointestinal Tumors (NCT03507998) (2018). Available online at: http://clinicaltrials.gov /ct2 /show /NCTO0
3507998 (accessed on 4 November 2024). OncoMed Pharmaceuticals, Inc. (Redwood City, CA, USA). A Phase
1b Dose Escalation Study of OMP-54F28 in Combination with Sorafenib in Patients with Hepatocellular Cancer
(2014). Available online at: https://clinicaltrials.gov/ct2/show /NCT02069145 (accessed on 4 November 2024).
Marquardt, D.]. U. A Phase I/II Multicenter, Open-label Study of DKN-01 to investigate the anti-tumor activity
and safety of DKN-01 in patients with hepatocellular carcinoma and Wnt signaling alterations. Available online
at: https://clinicaltrials.gov/ct2/show /NCT03645980 (accessed on 4 November 2024).

6. Discussion

The Wnt signaling pathway is a conserved and regulated molecular mechanism, and
its dysregulation plays a role in various malignancies. Several components of the canonical
Wnt pathway significantly influence the development of HCC. Wnt signaling in HCC can
target 3-catenin, an essential component of the canonical Wnt signaling pathway. The
Wnt/PCP pathway and the Wnt-Ca?* pathway, non-canonical Wnt signaling pathways,
can regulate HCC cell development, invasion, and motility by inducing EMT. Furthermore,
they can influence the canonical Wnt pathway, which can impact HCC development.

Aberrant regulation of the Wnt signaling pathway is associated with the aberrant tran-
scription of several oncogenes. Wnt ligands are highly expressed in HCC and promote the
canonical Wnt/ 3-catenin pathway, contributing to HCC growth and progression. They are
key players in the classical Wnt signaling pathway. Conversely, reduced expression of Wnt
ligands in the non-canonical Wnt pathway inhibits the development and progression of HCC.
Studies have demonstrated that biomolecules such as ZEB1, TRIM, and SOX can regulate
cell proliferation and apoptosis in HCC by influencing the Wnt/3-catenin pathway. By
activating EMT, the Wnt signaling pathway within the tumor microenvironment facilitates
HCC invasion and migration. Furthermore, TAMs in the tumor microenvironment activate
the Wnt/ 3-catenin pathway, which aids HCC cells angiogenesis and immune evasion. BEX1,
MALAT1, and HNRNPM, among others, can modulate HCC through the Wnt pathway,
thereby regulating HCC stem cell characteristics and subsequently influencing HCC prolifera-
tion, migration, and invasion. A relationship exists between the Wnt/ 3-catenin pathway and
autophagy. The Wnt/ 3-catenin pathway inhibits autophagy in HCC, resulting in enhanced
HCC cell proliferation and decreased cell apoptosis. Lenvatinib, sorafenib, and adriamycin
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have been utilized to manage advanced HCC. However, the effectiveness of pharmacological
therapy is limited by the emergence of resistance. Treatment resistance in HCC has been
linked to the activation of the Wnt signaling pathway. Therefore, targeting the Wnt signaling
pathway could offer innovative approaches to address drug resistance in HCC.

Growing evidence suggests that the Wnt signaling pathway plays a critical role in
HCC. Several molecular medicines targeting the Wnt pathway have shown varying impacts
on HCC treatment. Targeted therapy against the Wnt pathway could offer a novel approach
to treating HCC and provide hope for HCC patients.
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Abbreviations

HCC Hepatocellular carcinoma

EMT Epithelial-mesenchymal transition

HBV Hepatitis B virus

HCV Hepatitis C virus

Fzd Frizzled

LRPs LDL receptor-related proteins

Dvl Dishevelled

RYK Receptor-like tyrosine kinase

ROR1/2  Receptor tyrosine kinase-like orphan receptor 1/2
MUSK musculoskeletal receptor tyrosine kinase

PTK? Protein tyrosine kinase 7

DAAM  Dvl-associated activator of morphogenesis

RhoA Ras homologous gene family member A

ROCK Rho-associated coiled-coil containing protein kinase
PLC Phospholipase C

PKC Protein kinase C

CAMKII Calmodulin-dependent kinase II
NFAT Nuclear factor of activated T cells
TAK1 TGFp-activated kinase 1

NLK Nemo-like kinase

PKG Protein kinase G

TAMs Tumor-associated macrophages
ZEB1 Zinc finger E box-binding homeobox 1
TRIM Tripartite-motif

SOX SRY-Box

TF Transcription factor

TME Tumor microenvironment
ECM Extracellular matrix

CSCs Cancer stem cells

CAFs Cancer-associated fibroblasts
MMPs Matrix metalloproteinases

DCs Dendritic cells
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MALAT1 Metastasis-associated lung adenocarcinoma transcript 1
FH535 2,5-Dichloro-N-(2-methyl-4-nitrophenyl) benzenesulfonamide

MCT1 Monocarboxylate transporter protein 1
RTKs Receptor tyrosine kinases

CDK6 Cell cycle protein-dependent kinase 6
PAK5 P21-Activated Kinases 5

SFRPs Secreted Frizzled-Related Proteins
Sfzd7 Soluble frizzled-7

DKK1 Dickkopf-1

SAMC S-allylmercapto cysteine

TNKS1 Tankyrase 1

TNKS2 Tankyrase 2

MBOATs = Membrane-bound O-acyltransferase

PMZ Pimozide

CBP CREB binding protein

WISP1 Wntl-induced signaling pathway protein 1
WISP3 Wntl-induced signaling pathway protein 3
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