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Simple Summary: As one of the most malignant cancers, the mechanisms underlying the occurrence
and development of hepatocellular carcinoma (HCC) are complex, and the development of effective
treatment strategies has been difficult. Extracellular vesicles (EVs) participate in HCC development in
various ways. This review summarizes the latest research on EVs related to Wnt signaling in HCC and
expounds on the underlying mechanisms, providing a reference for novel HCC treatment strategies.

Abstract: As the primary type of liver cancer, hepatocellular carcinoma (HCC) causes a large number
of deaths every year. Despite extensive research conducted on this disease, the prognosis of HCC
remains unclear. Recently, research has largely focused on extracellular vesicles (EVs), and they
have been found to participate in various ways in the development of various diseases, including
HCC, such as by regulating cell signaling pathways. However, recent studies have reported the
mechanisms underlying the regulation of Wnt signaling by EVs in HCC, primarily focusing on the
regulation of the canonical pathways. This review summarizes the current literature on the regulation
of Wnt signaling by EVs in HCC and their underlying mechanisms. In addition, we also present
future research directions in this field. This will deepen the understanding of HCC and provide new
ideas for its treatment.

Keywords: hepatocellular carcinoma; extracellular vesicles; Wnt signaling

1. Introduction
1.1. Hepatocellular Carcinoma (HCC)

HCC is the most common type of liver cancer and progresses as one of the deadliest
malignancies, accounting for approximately 90% of primary liver cancers. Furthermore,
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men are more prone to this disease than women. The incidence of HCC varies in different
regions, and Asia has been reported to have a high incidence of HCC. Its occurrence is
primarily attributed to factors such as viral infections, toxins, immune system diseases,
metabolic diseases as well as alcohol consumption. Moreover, HCC causes more than
700,000 deaths per year worldwide [1,2]. The current preferred treatment method entails
early diagnosis and surgical resection of the tumor. However, because the early symptoms
of HCC are insignificant, a large number of patients are diagnosed at the advanced stage
of the disease. Therefore, the optimal treatment time has passed. In such cases, treatment
options are limited and mainly include local treatments, such as radiofrequency ablation
(RFA) and transarterial chemoembolization (TACE), chemotherapy, targeted therapy, and
immunotherapy. However, the treatment is usually unsatisfactory, largely affecting the
survival of patients [3]. According to a recent cancer statistics report, the survival rate of
patients with common cancers, including HCC, has significantly improved to some extent.
However, HCC prognosis continues to remain unsatisfactory, with a 5-year survival rate of
only 18% due to its high metastatic capacity and recurrence rate [4]. HCC is currently the
third leading cause of cancer-related deaths around the world [5]. Therefore, summarizing
the underlying mechanism of its occurrence and progression will help us better understand
the disease and provide a reference for subsequent research.

1.2. Extracellular Vesicles (EVs) and Tumor Microenvironment (TME)

In the 1960s, Wolf discovered a substance that had never been reported before, which
he named “platelet dust” because it was isolated from platelets. This was the first report
on EVs. Furthermore, Wolf discovered that they had sudanophilic properties, indicating
they were rich in lipids [6]. Using related technology, it has been reported that EVs have a
phospholipid bilayer structure, and these lipid-membrane-coated vesicles are present in
almost all human cell types. They are especially abundant in body fluids such as blood,
saliva, and urine [7,8]. Although the classification of EVs is constantly evolving, they are
generally categorized as ectosomes and exosomes. Vesicles that are generated by the direct
outward budding of the plasma membrane are called ectosomes. The budding of the
plasma membrane produces microvesicles, microparticles, and large vesicles that are ap-
proximately 50 nm–1 µm in diameter [9]. In contrast, exosomes are of endosomal origin and
are approximately 40–160 nm in diameter (approximately 100 nm on average) [10,11]. In
addition to the abovementioned types, the EVs also include apoptotic bodies (100–5000 nm
in diameter) and arrestin domain-containing protein 1-mediated microvesicles (approxi-
mately 50 nm in diameter) [12,13]. At the time of the initial discovery, EVs were identified
as a vehicle for the cell to eliminate waste compounds [14]. Research progression has
made it increasingly clear that EVs serve various functions apart from being waste car-
riers. They exchange cargoes, such as nucleic acids, lipids, and proteins, between cells
through complex mechanisms, and the main processes include the docking of EVs with
the plasma membrane, activation of surface receptors and signals, and the internalization
of EVs by recipient cells [15]. Thus, EVs regulate various physiological and pathological
processes [16,17]. Moreover, increasing evidence suggests that EVs are not only involved in
the occurrence and development of multiple tumor types, including gastrointestinal tumors
but also harbor diagnostic and therapeutic potential [18–20]. For example, Urban et al.
reported that EV phenotyping, especially in combination with serum alpha-fetoprotein,
represents a minimally invasive and accurate tool for a liquid biopsy that could improve
cancer screening and the differential diagnosis of hepatobiliary malignancies [21].

Tumor cells, along with their extracellular environment, constitute an extraordinar-
ily complex system known as the TME, which also contains various stromal cells and
noncellular components apart from tumor cells. Most stromal cells consist of cancer-
associated fibroblasts (CAFs), endothelial cells, immune and inflammatory cells such as
tumor-associated macrophages (TAMs), regulatory T cells, and dendritic cells, whereas the
noncellular components include the extracellular matrix, cytokines, and growth factors [22].
Tumor progression requires bidirectional communication between tumor cells and their
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surrounding environments, and EVs are key elements in this process [23,24]. In a tumor
microenvironment, EVs carry cargoes to initiate or facilitate cancer progression at various
stages, such as during the proliferation of cells and escape from apoptosis, angiogenesis,
cell invasion, and metastasis, reprogramming energy metabolism, evasion of the immune
response, and mutation transfer [25]. For instance, tumor cell-derived exosomes are rich
in the programmed cell death ligand 1 (PD-L1), an immunosuppressive signaling ligand
that binds to PD-1 on the surface of CD8+ T cells, reducing the production and secretion of
cytokines by T cells and preventing the immune cells from killing tumors. This leads to
the further transmission of immunosuppressive signals and eliminates the direct contact
between the tumor and immune cells [26]. In contrast, nature killer (NK) cells are an
important type of innate immune cells and play a key role in immune surveillance. NK
cell-derived exosomes are rich in killer proteins that establish direct contact with the tumor
site and exert antitumor functions to overcome the drawback of the requirement to reach
the tumor site before they can function [27].

1.3. Wnt Signaling

Wnt signaling was recognized and unraveled in 1973 in a study on Drosophila
melanogaster. At that time, scientists discovered a wingless (Wg) gene during the screening
for visual phenotypic mutations [28]. During related research, this gene and the intra-
cellular signaling pathway that is regulated by it were found to be closely linked to the
embryonic development of Drosophila melanogaster [29,30]. This signaling pathway was
found to be linked to tumors when the activation of the Int-1 gene in mouse breast tumors
was discovered. Studies reported that the gene was activated in two ways: insertion of
the provirus into the genetic locus and transgenic overexpression [31–33]. Int-1 was later
designated as Wnt1 and was reported to be a homolog of Wg [34]. Intriguingly, axis dupli-
cation was induced when the murine Wnt1 mRNA was injected into Xenopus embryos [35].
These observations support the notion that Wnt homologs and Wnt signaling are highly
conserved and may play important roles in the normal formation and development of
tumors. Wnt signaling was first reported in human disease when familial adenomatous
polyposis was caused by mutations in the adenomatous polyposis coli (APC) gene to some
extent and eventually evolved into colon cancers [36,37]. Two years after the publication of
these reports, APC was discovered to function by interacting with β-catenin [38,39]. Loss
of APC activity contributed to the activation of T-cell factor (TCF)4/β-catenin signaling,
and TCF was identified as a nuclear effector of Wnt signaling [40]. Numerous components
of Wnt signaling have been discovered in the last three decades, and these components
have been reported to be closely related to various physiological and pathological pro-
cesses [41,42]. Wnt signaling functions mainly via three primary intracellular signaling
cascades. Apart from the canonical pathway of Wnt/β-catenin signaling, two noncanonical
pathways comprise Wnt/planar cell polarity (Wnt/PCP) signaling and Wnt/Ca2+ signaling
(Figure 1).

1.3.1. Canonical Pathway

The canonical pathway consists of three primary components: Wnt-associated mem-
brane proteins; degradation complexes that decide the fate of β-catenin; and key transcrip-
tional regulators in the nucleus. Among these, some compounds have a cancer-promoting
function, and others act as tumor suppressors. Mutagenesis or loss of function of these
components is critically important for Wnt/β-catenin signaling and gene expression. To
date, 19 different Wnt ligands have been reported. They are secreted glycoproteins that are
rich in cysteine [43,44]. Of these, eight have been reported to be involved in the canonical
pathway, such as Wnt1 and Wnt2 [45].
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Figure 1. Schematic interpretation of canonical and noncanonical Wnt pathway.

Activation of the Wnt/β-catenin signaling requires the combination of Wnt ligands
with the seven-pass transmembrane frizzled (FZD) that is localized adjacent to the low-
density lipoprotein receptor-related protein (LRP), a coreceptor of FZD [46]. The LRP family
encompasses multiple isoforms, and LRP5/6 has certain functions in vertebrates; how-
ever, these are different from Arrow in Drosophila [41]. Subsequently, the receptor–ligand
complex transduces the initiation signal into intracellular responses, and the degradation
complexes are mobilized. Current research reveals that the degradation complexes pri-
marily comprise the axis inhibition protein (AXIN), disheveled (DVL), glycogen synthase
kinase 3β (GSK3β), APC, WTX, casein kinase 1α (CK1α), β-transducin repeats-containing
proteins (β-TrCP), yes-associated protein (YAP), and PDZ-binding motif (TAZ) [47–49].
They are responsible for regulating the stability of β-catenin. When Wnt signaling is
activated, the intracellular LPR region containing PPPSP phosphorylation motifs is phos-
phorylated by CK1γ, GSK3β, and Cyclin Y. Thus, presenting remarkable opportunities
for the combination of LPR with AXIN [50,51]. Simultaneously, DVL moves toward the
cell membrane, leading to the accumulation of DVL in the cell membrane. Various protein
kinases concomitantly induce DVL phosphorylation and then interact with FZD, exposing
the binding sites for AXIN [42]. The binding of AXIN to the two abovementioned pro-
teins results in functional limitations of degradation complexes, which are partially due
to the inhibition of GSK3 activities. All these processes contribute to the stabilization and
accumulation of β-catenin, and finally, they are transferred to the nucleus. In the nucleus,
β-catenin substitutes for transducing-like enhancer protein (TLE)/Groucho and binds to
TCF and lymphoid enhancer factor (LEF). Moreover, it recruits several histone-modifying
co-activators that eventually initiate transcription [52,53].

In the absence of Wnt ligand binding to receptors, the pathway exists in an inactive
state which has been attributed to low levels of β-catenin. The degradation is primar-
ily induced via the following mechanisms. AXIN is a scaffold protein that is a part of
degradation complexes and recruits other components [54]. AXIN is phosphorylated by
GSK3β when the pathway is inactive, increasing its affinity to β-catenin [55,56]. Simul-
taneously, GSK3β phosphorylates β-catenin, and this process is assisted by AXIN and
APC [57]. β-catenin is also phosphorylated by CK1α [58]. Furthermore, YAP/TAZ becomes
a temporary part of the degradation complexes and recruits β-TrCP [49]. Subsequently,
β-catenin detaches from the degradation complexes and is ubiquitinated by b-TrCP, leading
to β-catenin degradation by the proteasome [59]. The absence of β-catenin in the nucleus
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results in the binding of TCF/LEF to TLE/Groucho, and this repressive complex recruits
histone deacetylase (HDAC), repressing gene transcription [60].

1.3.2. Noncanonical Pathways

Noncanonical pathways are also initiated by the combination of Wnt ligands with
FZD. Simultaneously, the ligand also binds to tyrosine kinase co-receptors, such as the
RAR-related orphan receptor (ROR) [61]. When the signal of this interaction is transmitted
to the cytoplasm during Wnt/PCP signaling, DVL is rapidly mobilized and mediates
the activation of the Ras homolog family member A transforming protein (RHOA) and
Ras-related C3 botulinum toxin substrate 1 (RAC1) [62]. The former further activates
its downstream protein RHO-associated kinase (ROCK), resulting in the modification
of cytoskeletal rearrangement and actin cytoskeleton [45]. The latter activates JUN N-
terminal kinase (JNK) via phosphorylation and transmits signals to the nucleus, initiating
the transcription of the related genes [63]. During Wnt/Ca2+ signaling, Wnt ligands, in
combination with FZD, activate phospholipase C (PLC), which upregulates the intracellular
Ca2+ levels via the hydrolysis of phosphatidylinositol (4,5)-biphosphates (PIP2) to diacyl-
glycerol (DAG) and inositol (1,4,5)-triphosphates (IP3). Previous studies have reported that
DAG activates protein kinase C (PKC). Simultaneously, the induction of IP3 leads to the
release of Ca2+ ions that are intracellularly stored. Furthermore, high levels of Ca2+ activate
Ca2+/calmodulin-dependent kinase II (CaMKII) as well as calcineurin (CaN). The former
induces the activation of Nemo-like kinase (NLK) by phosphorylating TGFβ-activated
kinase 1 (TAK1), which suppresses the Wnt/β-catenin signaling. The latter leads to the
activation of the nuclear factor of activated T-cells (NFAT) translocating to the nucleus,
where it regulates relevant target gene expression. This pathway has been reported to be
closely associated with cytoskeleton organization and cell motility [64,65].

2. EVs Regulate Wnt Signaling in HCC

So far, EVs have played an important role in the progression of multiple cancers by
regulating the Wnt pathway. The migration of cancer cells in breast cancer is closely related
to stromal mobilization, and studies have reported that this can be achieved by Wnt/PCP
signaling regulation by EVs [66]. In cervical cancer-derived EVs, Wnt7b mRNA is expressed
at high levels. It could be transferred to human umbilical vein endothelial cells to promote
Wnt7b synthesis in recipient cells, affecting the proliferation and angiogenesis of recipient
cells by regulating the β-catenin signaling, ultimately promoting tumor progression [67].
However, the regulation of Wnt signaling by EVs in HCC is beginning to be researched.
Current studies have found that Evs can transfer contents between different HCC cells
and activate Wnt signaling, thereby regulating the biological behavior of recipient cells
and promoting the progression of malignant phenotypes. In addition, stromal cell-derived
Evs can also deliver contents to HCC cells and other stromal cell types. These, on the one
hand, lead to HCC resistance and, on the other hand, lead to immune cells expressing more
exhaustion markers and fewer effector molecules. This review summarizes the current
status and mechanisms underlying EV regulation of Wnt signaling in HCC to help us gain
a better understanding of this phenomenon and provide ideas for deriving new therapeutic
strategies for HCC.

2.1. Evs Regulate Wnt Signaling via Transport between Different Types of HCC Cells

The regulation of Wnt signaling by Evs in HCC is primarily achieved by modulating
the classical pathway. Several studies have found that Evs regulate Wnt signaling via
transport between different types of HCC cells (Table 1). Solid tumor cells are often
surrounded by a hypoxic microenvironment [68], a condition favoring metastatic tumor
progression [69]. Yu et al. discovered that this hypoxic environment contributes to exosome
production in HCC. Furthermore, exosomes secreted by hypoxic tumor cells were found to
promote malignant phenotypes of normoxic cells, including their proliferation, migration,
invasion, and epithelial-to-mesenchymal transition (EMT). A study of the underlying
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mechanisms found that miR-1273f levels increased significantly in exosomes secreted
by Huh7 cells under a hypoxic environment, and recipient HCC cells showed enhanced
malignancy that was closely related to this miRNA in vitro. The search for downstream
targets revealed that miR-1273f functions by targeting a tumor suppressor gene (LHX6) [70].
Several previous studies have demonstrated that LHX6 can inhibit the progression of
multiple tumor types, including glioma, lung cancer, and breast cancer. LHX6 regulates
Wnt/β-catenin signaling by inhibiting β-catenin expression, thereby inhibiting tumor
progression. Furthermore, this process can be reversed by the downregulation of LHX6 by
miR-1273f [71–74].

Accumulating evidence suggests that via exosome-mediated material transfer, high-
metastatic HCC cells can enhance the migration and invasion abilities of low-metastatic
HCC cells [75–77]. An in vitro study that isolated exosomes from highly metastatic HCC
cells and used them to treat low-metastatic HCC cells observed reduced apoptosis and
enhanced proliferative capacity in the latter. The abilities of the recipient cells to invade
and migrate were also simultaneously enhanced. Animal experiments concluded that the
tumorigenic rate of mice injected with exosome-treated tumor cells increased significantly,
and multiple metastases were found in the liver and lungs, suggesting enhanced tumor
metastasis ability. Interestingly, high levels of miR-25 were expressed in both highly
metastatic HCC cell-derived exosomes and recipient cells. Mechanistically, miR-25 activates
Wnt/β-catenin signaling by reducing the expression level of serine/threonine-protein
kinase 1 (SIK1) [78].

Yu et al. analyzed paired tumor tissues and adjacent non-tumor tissues of HCC
patients, including 35 paraffin-embedded and 40 frozen specimens. They found that
DEAD-box helicase 55 (DDX55) was overexpressed in HCC tissues, mainly located in
the nucleus and cytoplasm. They studied its function and mechanism and found that
DDX55 interacted with Bromodomain-containing protein 4 (BRD4) to form a transcriptional
regulatory complex that positively regulated the transcription of PIK3CA, a core gene
regulating Akt and Wnt pathways. Subsequently, the PI3K/Akt/GSK-3β pathway was
activated, stabilizing β-catenin and regulating the downstream gene expression, ultimately
promoting cell cycle progression and EMT. On further investigation, it was noted that
DDX55 could be transferred from HCC cells with relatively high DDX55 expression to
those with relatively low DDX55 expression via exosomes. They also observed that these
DDX55-rich exosomes could also be transferred into endothelial cells, inducing increased
angiogenesis, and the underlying mechanism might be related to the activation of the
β-catenin signal [79].

In one study, serum samples were collected from randomized healthy donors, patients
with chronic HBV infection, and patients with liver disease (cirrhosis, early HCC, and late
HCC) without any treatment. Then exosomes were extracted from the serum. Interestingly,
the researchers found that patients with late HCC had the greatest number of serum
exosomes. Then they co-cultured these exosomes with Huh7 cell lines and were surprised
to find that exosomes from HCC patients increased the growth and motility of Huh7 cells.
In addition, exosomes derived from patients with late HCC were superior to those from
cirrhotic patients and even more superior than those from patients with early HCC. This
finding was linked to the promotion of malignant biological behavior of HCC cell lines
by exosomes in vitro or the promotion of tumor formation and metastasis in orthotopic
liver transplantation models in vivo. The research focused on the underlying mechanism
and found that the polymeric immunoglobulin receptor (pIgR) was abundant in exosomes
derived from advanced HCC patients. These exosomes were primarily secreted by tumor
cells. When recipient HCC cells took up these exosomes, β-catenin was transferred from the
cytoplasm to the nucleus, which was closely related to the activation of PDK1/Akt/GSK-
3β signaling. These exosomes ultimately enabled the recipient cells to acquire stem cell
properties and enhance their invasion and metastasis abilities [80].

Among the many characteristics of cancers, abnormal sialylation has often been found
to be important for the progression of tumors [81]. Wang et al. discovered that when
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α2,6-sialyltransferase I (ST6Gal-I) was silenced, the expression level of CD63, a regulator of
exosome production and secretion, decreased. The level of α2,6-sialylated glycoconjugates
on the surface of HCC-derived exosomes also decreased, reducing the internalization of
exosomes by recipient cells. Furthermore, silencing of this molecule could attenuate the
highly metastatic attributes of HCC-derived exosomes on the malignant biological behavior
of low metastatic HCC cells, related to the suppressed function of highly metastatic HCC-
derived exosomes, resulting in the failure of Akt/GSK-3β/β-catenin signaling and JNK1/2
signaling [82].

Table 1. EVs derived from HCC cells.

Molecules Origin Recipient Cells Effects on
Cell Behaviors Mechanisms References

MiR-1273f Hypoxic HCC cells Normoxic HCC cells
Promote proliferation,
migration, invasion,

and EMT

Upregulate
LHX6/β-catenin [70]

MiR-25 High-metastatic
HCC cells

Low-metastatic
HCC cells

Reduce apoptosis and
promote proliferation,

migration,
and invasion

Upregulate
SIK1/β-catenin [78]

DDX55 HCC cells HCC cells Promote cell cycle
progression and EMT.

Upregulate
PI3K/Akt/GSK-

3β/β-catenin
[79]

Endothelial cells Promote angiogenesis
Upregulate

PI3K/Akt/GSK-
3β/β-catenin

[79]

PIgR Advanced
HCC cells Early HCC cells

Acquire stem cell
properties and

promote migration
and invasion

Upregulate
PDK1/Akt/GSK-

3β/β-catenin
[80]

Not mentioned High-metastatic
HCC cells

Low-metastatic
HCC cells

Promote proliferation
and migration

Upregulate
Akt/GSK-3β/β-

catenin and
JNK1/2 signaling

[82]

2.2. EVs Modulate Wnt Signaling through Transport between HCC and Stromal Cells and between
Different Types of Stromal Cells

In addition to transferring cargos between tumor cells, EVs also act as a bridge between
tumor cells and stromal cells and even between different types of stromal cells (Table 2).
CAFs are important components of TME and are important for cancer progression and re-
sisting treatment. Qin et al. discovered that Gremlin 1 was highly expressed in CAF-derived
exosomes, which could be transferred into HCC cells to promote invasion, migration, and
EMT of the recipient cells by activating Wnt/β-catenin signaling. As EMT is closely related
to sorafenib resistance, they also investigated the effect of exosome-mediated Gremlin
1 transfer on the sensitivity of HCC cells to sorafenib. Their results indicated that HCC cells
were less sensitive to sorafenib after exosome treatment through a similar mechanism, as
described above [83]. Additionally, another study found that the expression of miR-320a
notably decreased in HCC tissues and liver cancer cell lines. Lu et al. found that miR-320a
overexpression in the HepG2 cells exhibited a marked inhibitory effect on cell proliferation.
Mechanically, miR-320a exerted its tumor-suppressive function via downregulating the
Wnt/β-catenin signaling pathway. However, in this study, for the first time, miR-320a
was reported as a negative regulator of β-catenin [84]. Additionally, Zhang et al. found a
significant reduction in the miR-320a expression in CAF-derived exosomes. CAF-mediated
HCC tumor progression is partially related to the loss of miR-320a in the exosomes of
CAFs, and transferring stromal cell-derived miR-320a might be a potential treatment option
against HCC progression [85].
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Macrophages are an important part of immune cells and mainly include two subtypes,
namely: M1 type and M2 type. Among them, the M1 type plays a tumor suppressor role,
whereas the M2 type has tumor-promoting properties, TAMs, with the M2 phenotype, in
many tumors associated with malignant tumor progression [86,87]. Liu et al. found that
miR-92a-2-5p is highly expressed in M2 macrophages and can be secreted into exosomes.
When the exosomes were used to treat HCC cells, they found that the invasive ability
of the recipient cells was enhanced. Then they explored the mechanism and observed
reduced androgen receptor (AR) expression in recipient cells caused by the inhibition of
AR mRNA translation by miR-92a-2-5p. The PHLPP/p-AKT/β-catenin signaling was
altered by miR-92a-2-5p/AR axis [88]. Numerous studies have confirmed the association
of tumor immune escape with CD8+ T cell dysfunction and severe depletion [89–91]. Pu
et al. found increased expression of miR-21-5p in M2 macrophage-derived exosomes. After
CD8+ T cells were treated with these exosomes, the levels of CD8+ T cell surface exhaustion
markers, such as PD-1 and T cell immunoglobulin and mucin domain-containing protein
3, were significantly increased, and that of tumor suppressor factors, such as interferon-γ,
interleukin-2, and tumor necrosis factor-α, were reduced. In animal experiments, it was
found that exosomes can promote HCC tumorigenesis and malignant behavior and reduce
the infiltration of CD8+ T cells in HCC tissues. Mechanistically, miR-21-5p acted mainly
by binding to YOD1 mRNA, reducing YOD1 level, and thereby activating YAP/β-catenin
signaling [92]. Previous studies had found that the activity of YOD1 was essential for
antigen presentation, which was also the key associated with the effective functioning of
antigen-specific CD8+ T cells [93]. In other tumor types, YAP has been found to induce
the expression and secretion of multiple chemokines, which recruits myeloid-derived
suppressor cells (MDSCs) and inhibits the function of cytotoxic T lymphocytes (CTLs),
thereby promoting the formation of immunosuppressive TME [94,95].

Table 2. EVs derived from CAFs and M2 macrophages.

Molecules Origin Recipient Cells Effects on
Cell Behaviors Mechanisms References

Gremlin 1 CAFs HCC cells

Promote migration,
invasion, and EMT

and reduce sensitivity
to sorafenib

Upregulate
Wnt/β-catenin [83]

miR-320a CAFs HCC cells Inhibit proliferation Downregulate
Wnt/β-catenin [84,85]

MiR-92a-2-5p M2 macrophages HCC cells Promote invasion
Upregulate

PHLPP/p-AKT/
β-catenin

[88]

MiR-21-5p M2 macrophages CD8+ T cells
Induce exhaustion and

reduce intratumoral
immune infiltration

Upregulate
YAP/β-catenin [92]

2.3. EVs Modulate β-Catenin Signaling in HCC by Altering the Cellular Localization of β-Catenin

Previous studies showed that the cellular localization of β-catenin was closely related
to its function. When accumulated in the nucleus, it promoted EMT by mediating the
expression of target genes. However, when localized on the plasma membrane (PM), it
interacted with E-cadherin to increase cell-to-cell adhesion [96,97]. Several studies have
found that EVs alter the cellular localization of β-catenin, which modulates β-catenin
signaling in HCC (Table 3). Han et al. found that Vps4A overexpression could mediate
β-catenin relocalization, promoting β-catenin expression on PM and secreting it out of
the cell through exosomes, thereby reducing nuclear β-catenin level, which downregu-
lated β-catenin signaling and suppressed EMT [98]. Then the research group found a
similar phenomenon on another molecule. They found that exosomes derived from p62-
overexpressing HCC cells can be taken up by p62-low-expressing HCC cells, following
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which p62 increased intracellular GSK3β levels, finally promoting β-catenin degradation.
Unexpectedly, they observed that high levels of p62 promoted the malignant phenotype
of HCC, including cell proliferation, migration, and invasion. This may be related to the
p62-mediated extracellular secretion of exosome-coated β-catenin [99].

Table 3. EVs alter the cellular localization of β-catenin.

Molecules Origin Recipient Cells Effects on Cell Behaviors Mechanisms References

Vps4A Reduce EMT Regulate cellular
localization of β-catenin [98]

p62 Promote proliferation,
migration, and invasion

Regulate cellular
localization of β-catenin [99]

3. EVs-Based Biological Nanoparticles Modulate Wnt Signaling in HCC Cells

Desirable intrinsic properties of EVs, such as the ability to bypass natural membranous
barriers and to deliver their unique biomolecular cargo to specific cell populations, position
them as fiercely competitive alternatives for currently available cell therapies and artificial
drug delivery platforms [100]. EVs-based biological nanoparticles, an emerging therapeutic
delivery system, are a promising therapeutic strategy due to their small size, strong tissue
penetration, high stability in circulation, inherent cell-targeting capacity, and ability to
overcome innate immune barriers [101]. As β-catenin activation has a role in the occurrence
and development of HCC, the use of EVs-based biological nanoparticles loaded with β-
catenin siRNA for the HCC treatment can be a feasible solution. Matsuda et al. found that
therapeutic milk-derived nanovesicles (tMNVs) loaded with β-catenin siRNA could target
β-catenin in HCC in vivo and in vitro and inhibited β-catenin activity, thereby slowing
tumor growth and increasing the therapeutic effect of immune checkpoint inhibitors [102].

A growing body of research has found that tumor-initiating cells, such as liver cancer
stem cells (LCSCs), contribute to tumor growth and resistance to therapy, which has led
to increased interest in these cells. This provides the idea for improving the therapeu-
tic response of HCC by specifically targeting this cell population. LCSCs have various
molecular markers, among which epithelial cell adhesion molecule (EpCAM) is a marker
of cancer-initiating cells in the liver and other epithelial tissues. EpCAM expression is
regulated by Wnt/β-catenin signaling and controls hepatic stem cell proliferation [103–105].
Ishiguro et al. developed an engineered EV that is based on tMNV. It specifically targets
EpCAM-expressing LCSCs in vivo and in vitro and delivers β-catenin siRNA to recipient
cells, thereby inhibiting β-catenin activity and tumor proliferative [106].

MiR-375 is a tumor suppressor microRNA, and its expression is downregulated
in various tumors, such as colorectal cancer, pancreatic cancer, and breast cancer. Its
high expression can suppress the malignant phenotype of tumors by directly binding to
HOXB3 [107–109]. In a study, the bone marrow-derived mesenchymal stem cells (BM-
MSCs) were transfected with miR-375, and the molecule was successfully expressed in
BM-MSCs and exosomes. Subsequently, HCC cells were treated with these isolated miR-
375-enriched exosomes. The malignant behaviors of HCC cells, including proliferation,
migration, and invasion, were inhibited. Mechanistically, miR-375 exerted its action by
regulating the HOXB3/Wnt/β-Catenin axis after entering HCC cells [110]. Owing to the
advantages of the wide distribution of and easy access to Human BM-MSCs (h-BMMSCs),
their great potential in self-renewal and multi-lineage differentiation of h-BMMSCs, and
their ability to avoid immune rejection during autologous transplantation, h-BMMSCs
show potential for wide clinical application [111,112].

4. Conclusions and Future Directions

HCC is undoubtedly the most common type of liver cancer, and as a highly malignant
tumor, it has a high mortality every year. Unfortunately, patients often miss timely treat-
ment because of the difficulty of its early detection. EVs have been a hot topic of research
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in recent years. Owing to their unique structure and material loading capacity and their
ability to mediate intercellular communication, EVs play a pivotal role in the occurrence
and development of various diseases, including cancers. They, therefore, have great poten-
tial for cancer treatment. Wnt signaling is involved in many physiological and pathological
processes and can be mainly divided into canonical and noncanonical pathways. Aberrant
regulation of Wnt signaling has been observed in the development and progression of HCC,
along with the involvement of EVs. Therefore, summarizing the recent research progress of
EVs regulating Wnt signaling in HCC can give us a better understanding of this disease
and may provide a way to break the deadlock of HCC treatment.

In recent studies, the regulation of Wnt signaling in HCC by EVs mainly focused on
regulating the canonical pathway, whereas studies on the noncanonical pathway are still
lacking. EVs are involved in the regulation of canonical pathway in various ways, such as
mediating intercellular transport between different types of HCC cells and between HCC
and stromal cells. Interestingly, EVs are found to modulate Wnt signaling by mediating
the cellular localization of β-catenin. In addition, EVs-based biological nanoparticles also
inhibited Wnt signaling by delivering inhibitory molecules such as β-catenin siRNA into
HCC cells, thereby inhibiting tumor progression. It is not difficult for us to find that EVs
act as carriers for cargo delivery and regulate the biological behavior of the recipient cell in
HCC TME (Figure 2). Based on the aforementioned constructive findings, future research
directions can be considered from the following aspects: 1. Since TME also contains a large
number of immune cells, HCC immunotherapy is bound to be a hot topic. At present, the
regulation of Wnt signaling by EVs is mostly focused on other types of stromal cells, and
research on immune cells is still lacking. Therefore, exploration in this field will be very
valuable; 2. Currently, there is still a lack of research on the Wnt noncanonical pathway in
HCC. Considering that it is also an important part of Wnt signaling and it has been studied
in other tumors, the study on this aspect will be of great significance. We believe that with
more research in this field, how EVs regulate Wnt signaling in HCC will become clearer,
which will certainly help us to form a regulatory network and bring us some inspiration. It
will open up a sunny avenue for the treatment of HCC.

Cancers 2023, 15, x FOR PEER REVIEW  11  of  16 
 

 

become clearer, which will certainly help us to form a regulatory network and bring us 

some inspiration. It will open up a sunny avenue for the treatment of HCC. 

 

Figure 2. EVs act as cargo delivery carriers and regulate the recipient cellʹs biological behavior in 

HCC TME. ↑: promotion; ↓: inhibition. 

Author Contributions: All authors participated in conception and design; R.H. and Y.X. wrote the 

manuscript; Y.C. and J.W.P.Y. revised the manuscript. All authors have read and agreed to the pub‐

lished version of the manuscript. 

Funding: This research was funded by the Hong Kong Scholars Program (Grant No. XJ2020012); the 

National Natural Science Foundation of China (Grant No. 81902431); the Excellent Youth Project of 

Natural Science Foundation of Heilongjiang (Grant No. YQ2019H007); the Special Project of China 

Postdoctoral Science Foundation (Grant No. 2019T120279); the Special Project of Heilongjiang Post‐

doctoral Science Foundation (Grant No. LBH‐TZ1016); the China Postdoctoral Science Foundation 

(Grant No.  2018M641849  and  2018M640311);  the Heilongjiang  Postdoctoral  Science  Foundation 

(Grant No. LBH‐Z18107 and LBH‐Z18112); the Marshal Initiative Funding of Harbin Medical Uni‐

versity (Grant No. HMUMIF‐22008); the Thematic Research Support Scheme of State Key Labora‐

tory of Liver Research, University of Hong Kong (Grant No. SKLLR/TRSS/2022/08); the Beijing Xi‐

sike Clinical Oncology Research Foundation (Grant No. Y‐Young2022‐0188); the Medjaden Acad‐

emy & Research Foundation for Young Scientists (Grant No. MJR20220903); the Opening Project of 

State Key Laboratory of Chemical Oncogenomics; the Opening Project of Key Laboratory of Basic 

Pharmacology of Ministry of Education, Zunyi Medicial University (Grant No. 2022‐449); the Open‐

ing Research Fund of Key Laboratory of Gastrointestinal Cancer, Fujian Medical University, Minis‐

try of Education (Grant No. FMUGIC‐202203); the Opening Project of Key Laboratory of Environ‐

ment and Health, Ministry of Education (Grant No. 2022GWKFJJ01); the Opening Project of Key 

Laboratory of Functional and Clinical Translational Medicine, Fujian Province University  (Grant 

No. XMMC‐FCTM202205); the Opening Project of Guangxi Laboratory of Enhanced Recovery after 

Surgery for Gastrointestinal Cancer (Grant No. GXEKL202204); the Opening Project of Key Labora‐

tory  of  Biomarkers  and  In  Vitro Diagnosis  Translation  of  Zhejiang  Province  (Grant No. KFJJ‐

2022002); the Opening Project of Jiangsu Province Engineering Research Center of Tumor Targeted 

Nano Diagnostic and Therapeutic Materials (Grant No. JETNM202210); the Opening Project of the 

Key Laboratory of Intelligent Pharmacy and Individualized Therapy of Huzhou & Changxing Anti‐

Figure 2. EVs act as cargo delivery carriers and regulate the recipient cell’s biological behavior in
HCC TME. ↑: promotion; ↓: inhibition.



Cancers 2023, 15, 2088 11 of 15

Author Contributions: All authors participated in conception and design; R.H. and Y.X. wrote the
manuscript; Y.C. and J.W.P.Y. revised the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Hong Kong Scholars Program (Grant No. XJ2020012); the
National Natural Science Foundation of China (Grant No. 81902431); the Excellent Youth Project of
Natural Science Foundation of Heilongjiang (Grant No. YQ2019H007); the Special Project of China
Postdoctoral Science Foundation (Grant No. 2019T120279); the Special Project of Heilongjiang Post-
doctoral Science Foundation (Grant No. LBH-TZ1016); the China Postdoctoral Science Foundation
(Grant No. 2018M641849 and 2018M640311); the Heilongjiang Postdoctoral Science Foundation
(Grant No. LBH-Z18107 and LBH-Z18112); the Marshal Initiative Funding of Harbin Medical Univer-
sity (Grant No. HMUMIF-22008); the Thematic Research Support Scheme of State Key Laboratory
of Liver Research, University of Hong Kong (Grant No. SKLLR/TRSS/2022/08); the Beijing Xisike
Clinical Oncology Research Foundation (Grant No. Y-Young2022-0188); the Medjaden Academy &
Research Foundation for Young Scientists (Grant No. MJR20220903); the Opening Project of State
Key Laboratory of Chemical Oncogenomics; the Opening Project of Key Laboratory of Basic Phar-
macology of Ministry of Education, Zunyi Medicial University (Grant No. 2022-449); the Opening
Research Fund of Key Laboratory of Gastrointestinal Cancer, Fujian Medical University, Ministry of
Education (Grant No. FMUGIC-202203); the Opening Project of Key Laboratory of Environment and
Health, Ministry of Education (Grant No. 2022GWKFJJ01); the Opening Project of Key Laboratory
of Functional and Clinical Translational Medicine, Fujian Province University (Grant No. XMMC-
FCTM202205); the Opening Project of Guangxi Laboratory of Enhanced Recovery after Surgery
for Gastrointestinal Cancer (Grant No. GXEKL202204); the Opening Project of Key Laboratory of
Biomarkers and In Vitro Diagnosis Translation of Zhejiang Province (Grant No. KFJJ-2022002); the
Opening Project of Jiangsu Province Engineering Research Center of Tumor Targeted Nano Diagnostic
and Therapeutic Materials (Grant No. JETNM202210); the Opening Project of the Key Laboratory
of Intelligent Pharmacy and Individualized Therapy of Huzhou & Changxing Anti-cancer Associa-
tion (Grant No. NZKF-20230203); the Opening Project of the Fujian Provincial Key Laboratory of
Innovative Drug Target Research (Grant No. FJ-YW-2022KF03).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data can be shared up on request.

Conflicts of Interest: The authors declared no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Wong, C.-M.; Tsang, F.H.-C.; Ng, I.O.-L. Non-coding RNAs in hepatocellular carcinoma: Molecular functions and pathological

implications. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 137–151. [CrossRef] [PubMed]
2. Affo, S.; Yu, L.-X.; Schwabe, R.F. The Role of Cancer-Associated Fibroblasts and Fibrosis in Liver Cancer. Annu. Rev. Pathol. Mech.

Dis. 2017, 12, 153–186. [CrossRef]
3. Chakraborty, E.; Sarkar, D. Emerging Therapies for Hepatocellular Carcinoma (HCC). Cancers 2022, 14, 2798. [CrossRef] [PubMed]
4. Jemal, A.; Ward, E.M.; Johnson, C.J.; Cronin, K.A.; Ma, J.; Ryerson, A.B.; Mariotto, A.; Lake, A.J.; Wilson, R.; Sherman, R.L.; et al.

Annual Report to the Nation on the Status of Cancer, 1975–2014, Featuring Survival. Gynecol. Oncol. 2017, 109, djx030. [CrossRef]
5. Shiani, A.; Narayanan, S.; Pena, L.; Friedman, M. The Role of Diagnosis and Treatment of Underlying Liver Disease for the

Prognosis of Primary Liver Cancer. Cancer Control. 2017, 24, 073274817729240. [CrossRef] [PubMed]
6. Wolf, P. The Nature and Significance of Platelet Products in Human Plasma. Br. J. Haematol. 1967, 13, 269–288. [CrossRef]
7. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
8. Yu, D.; Li, Y.; Wang, M.; Gu, J.; Xu, W.; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer

2022, 21, 56. [CrossRef]
9. Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases 2016, 8, 220–232.

[CrossRef]
10. Harding, C.; Heuser, J.; Stahl, P. Endocytosis and intracellular processing of transferrin and colloidal gold-transferrin in rat

reticulocytes: Demonstration of a pathway for receptor shedding. Eur. J. Cell Biol. 1984, 35, 256–263.
11. Pan, B.T.; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron microscopic evidence for externalization of the transferrin

receptor in vesicular form in sheep reticulocytes. J. Cell Biol. 1985, 101, 942–948. [CrossRef] [PubMed]

http://doi.org/10.1038/nrgastro.2017.169
http://www.ncbi.nlm.nih.gov/pubmed/29317776
http://doi.org/10.1146/annurev-pathol-052016-100322
http://doi.org/10.3390/cancers14112798
http://www.ncbi.nlm.nih.gov/pubmed/35681776
http://doi.org/10.1093/jnci/djx030
http://doi.org/10.1177/1073274817729240
http://www.ncbi.nlm.nih.gov/pubmed/28975833
http://doi.org/10.1111/j.1365-2141.1967.tb08741.x
http://doi.org/10.1126/science.aau6977
http://doi.org/10.1186/s12943-022-01509-9
http://doi.org/10.1080/21541248.2016.1215283
http://doi.org/10.1083/jcb.101.3.942
http://www.ncbi.nlm.nih.gov/pubmed/2993317


Cancers 2023, 15, 2088 12 of 15

12. Yáñez-Mó, M.; Siljander, P.R.-M.; Andreu, Z.; Bedina Zavec, A.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015,
4, 27066. [CrossRef] [PubMed]

13. Nabhan, J.F.; Hu, R.; Oh, R.S.; Cohen, S.N.; Lu, Q. Formation and release of arrestin domain-containing protein 1-mediated
microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein. Proc. Natl. Acad. Sci. USA 2012, 109, 4146–4151.
[CrossRef] [PubMed]

14. Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte maturation. Association of
plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 1987, 262, 9412–9420. [CrossRef]

15. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [CrossRef]

16. Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef]

17. Lo Cicero, A.; Stahl, P.D.; Raposo, G. Extracellular vesicles shuffling intercellular messages: For good or for bad. Curr. Opin. Cell
Biol. 2015, 35, 69–77. [CrossRef]

18. Słomka, A.; Mocan, T.; Wang, B.; Nenu, I.; Urban, S.K.; Gonzalez-Carmona, M.A.; Schmidt-Wolf, I.G.H.; Lukacs-Kornek, V.;
Strassburg, C.P.; Spârchez, Z.; et al. EVs as Potential New Therapeutic Tool/Target in Gastrointestinal Cancer and HCC. Cancers
2020, 12, 3019. [CrossRef]

19. Lee, Y.-T.; Tran, B.; Wang, J.; Liang, I.; You, S.; Zhu, Y.; Agopian, V.; Tseng, H.-R.; Yang, J. The Role of Extracellular Vesicles in
Disease Progression and Detection of Hepatocellular Carcinoma. Cancers 2021, 13, 3076. [CrossRef]

20. Von Felden, J.; Garcia-Lezana, T.; Dogra, N.; Gonzalez-Kozlova, E.; Ahsen, M.E.; Craig, A.; Gifford, S.; Wunsch, B.; Smith, J.T.;
Kim, S.; et al. Unannotated small RNA clusters associated with circulating extracellular vesicles detect early stage liver cancer.
Gut 2021, 71, 2069–2080. [CrossRef]

21. Urban, S.K.; Sanger, H.; Krawczyk, M.; Julich-Haertel, H.; Willms, A.; Ligocka, J.; Azkargorta, M.; Mocan, T.; Kahlert, C.; Kruk,
B.; et al. Synergistic effects of extracellular vesicle phenotyping and AFP in hepatobiliary cancer differentiation. Liver Int. 2020,
40, 3103–3116. [CrossRef] [PubMed]

22. Lee, S.S.; Cheah, Y.K. The Interplay between MicroRNAs and Cellular Components of Tumour Microenvironment (TME) on
Non-Small-Cell Lung Cancer (NSCLC) Progression. J. Immunol. Res. 2019, 2019, 3046379. [CrossRef] [PubMed]

23. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–1437.
[CrossRef]

24. Minciacchi, V.R.; Freeman, M.R.; Di Vizio, D. Extracellular Vesicles in Cancer: Exosomes, Microvesicles and the Emerging Role of
Large Oncosomes. Semin. Cell Dev. Biol. 2015, 40, 41–51. [CrossRef]

25. Jahan, S.; Mukherjee, S.; Ali, S.; Bhardwaj, U.; Choudhary, R.K.; Balakrishnan, S.; Naseem, A.; Mir, S.A.; Banawas, S.; Alaidarous,
M.; et al. Pioneer Role of Extracellular Vesicles as Modulators of Cancer Initiation in Progression, Drug Therapy, and Vaccine
Prospects. Cells 2022, 11, 490. [CrossRef]

26. Yang, J.; Chen, J.; Liang, H.; Yu, Y. Nasopharyngeal cancer cell-derived exosomal PD-L1 inhibits CD8 + T-cell activity and
promotes immune escape. Cancer Sci. 2022, 113, 3044–3054. [CrossRef]

27. Moon, B.; Chang, S. Exosome as a Delivery Vehicle for Cancer Therapy. Cells 2022, 11, 316. [CrossRef] [PubMed]
28. Sharma, R. Wingless, a new mutant in D. melanogaster. Drosoph. Inf. Serv. 1973, 50, 134.
29. Nüsslein-Volhard, C.; Wieschaus, E. Mutations affecting segment number and polarity in Drosophila. Nature 1980, 287, 795–801.

[CrossRef]
30. Sharma, R.; Chopra, V. Effect of the wingless (wg1) mutation on wing and haltere development in Drosophila melanogaster. Dev.

Biol. 1976, 48, 461–465. [CrossRef]
31. Nusse, R.; Varmus, H.E. Many tumors induced by the mouse mammary tumor virus contain a provirus integrated in the same

region of the host genome. Cell 1982, 31, 99–109. [CrossRef] [PubMed]
32. Nusse, R.; van Ooyen, A.; Cox, D.; Fung, Y.K.T.; Varmus, H. Mode of proviral activation of a putative mammary oncogene (int-1)

on mouse chromosome 15. Nature 1984, 307, 131–136. [CrossRef] [PubMed]
33. Tsukamoto, A.S.; Grosschedl, R.; Guzman, R.C.; Parslow, T.; Varmus, H.E. Expression of the int-1 gene in transgenic mice is

associated with mammary gland hyperplasia and adenocarcinomas in male and female mice. Cell 1988, 55, 619–625. [CrossRef]
[PubMed]

34. Rijsewijk, F.; Schuermann, M.; Wagenaar, E.; Parren, P.; Weigel, D.; Nusse, R. The Drosophila homology of the mouse mammary
oncogene int-1 is identical to the segment polarity gene wingless. Cell 1987, 50, 649–657. [CrossRef]

35. McMahon, A.P.; Moon, R.T. Ectopic expression of the proto-oncogene int-1 in Xenopus embryos leads to duplication of the
embryonic axis. Cell 1989, 58, 1075–1084. [CrossRef] [PubMed]

36. Kinzler, K.W.; Nilbert, M.C.; Su, L.-K.; Vogelstein, B.; Bryan, T.M.; Levy, D.B.; Smith, K.J.; Preisinger, A.C.; Hedge, P.; McKechnie,
D.; et al. Identification of FAP Locus Genes from Chromosome 5q21. Science 1991, 253, 661–665. [CrossRef]

37. Nishisho, I.; Nakamura, Y.; Miyoshi, Y.; Miki, Y.; Ando, H.; Horii, A.; Koyama, K.; Utsunomiya, J.; Baba, S.; Hedge, P.; et al.
Mutations of Chromosome 5q21 Genes in FAP and Colorectal Cancer Patients. Science 1991, 253, 665–669. [CrossRef]

38. Rubinfeld, B.; Souza, B.; Albert, I.; Müller, O.; Chamberlain, S.H.; Masiarz, F.R.; Munemitsu, S.; Polakis, P. Association of the APC
Gene Product with β-Catenin. Science 1993, 262, 1731–1734. [CrossRef]

http://doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
http://doi.org/10.1073/pnas.1200448109
http://www.ncbi.nlm.nih.gov/pubmed/22315426
http://doi.org/10.1016/S0021-9258(18)48095-7
http://doi.org/10.1038/nrm.2017.125
http://doi.org/10.1146/annurev-cellbio-101512-122326
http://doi.org/10.1016/j.ceb.2015.04.013
http://doi.org/10.3390/cancers12103019
http://doi.org/10.3390/cancers13123076
http://doi.org/10.1136/gutjnl-2021-325036
http://doi.org/10.1111/liv.14585
http://www.ncbi.nlm.nih.gov/pubmed/32614460
http://doi.org/10.1155/2019/3046379
http://www.ncbi.nlm.nih.gov/pubmed/30944831
http://doi.org/10.1038/nm.3394
http://doi.org/10.1016/j.semcdb.2015.02.010
http://doi.org/10.3390/cells11030490
http://doi.org/10.1111/cas.15433
http://doi.org/10.3390/cells11030316
http://www.ncbi.nlm.nih.gov/pubmed/35159126
http://doi.org/10.1038/287795a0
http://doi.org/10.1016/0012-1606(76)90108-1
http://doi.org/10.1016/0092-8674(82)90409-3
http://www.ncbi.nlm.nih.gov/pubmed/6297757
http://doi.org/10.1038/307131a0
http://www.ncbi.nlm.nih.gov/pubmed/6318122
http://doi.org/10.1016/0092-8674(88)90220-6
http://www.ncbi.nlm.nih.gov/pubmed/3180222
http://doi.org/10.1016/0092-8674(87)90038-9
http://doi.org/10.1016/0092-8674(89)90506-0
http://www.ncbi.nlm.nih.gov/pubmed/2673541
http://doi.org/10.1126/science.1651562
http://doi.org/10.1126/science.1651563
http://doi.org/10.1126/science.8259518


Cancers 2023, 15, 2088 13 of 15

39. Su, L.-K.; Vogelstein, B.; Kinzler, K.W. Association of the APC Tumor Suppressor Protein with Catenins. Science 1993,
262, 1734–1737. [CrossRef]

40. Korinek, V.; Barker, N.; Morin, P.J.; van Wichen, D.; de Weger, R.; Kinzler, K.W.; Vogelstein, B.; Clevers, H. Constitutive
Transcriptional Activation by a β-Catenin-Tcf Complex in APC −/− Colon Carcinoma. Science 1997, 275, 1784–1787. [CrossRef]

41. Clevers, H.; Nusse, R. Wnt/β-catenin signaling and disease. Cell 2012, 149, 1192–1205. [CrossRef]
42. Steinhart, Z.; Angers, S. Wnt signaling in development and tissue homeostasis. Development 2018, 145, dev146589. [CrossRef]

[PubMed]
43. Nusse, R.; Clevers, H. Wnt/β-Catenin Signaling, Disease, and Emerging Therapeutic Modalities. Cell 2017, 169, 985–999.

[CrossRef] [PubMed]
44. Pai, S.G.; Carneiro, B.A.; Mota, J.M.; Costa, R.; Leite, C.A.; Barroso-Sousa, R.; Kaplan, J.B.; Chae, Y.K.; Giles, F.J. Wnt/beta-catenin

pathway: Modulating anticancer immune response. J. Hematol. Oncol. 2017, 10, 101. [CrossRef] [PubMed]
45. Gajos-Michniewicz, A.; Czyz, M. WNT Signaling in Melanoma. Int. J. Mol. Sci. 2020, 21, 4852. [CrossRef]
46. Masuda, T.; Ishitani, T. Context-dependent regulation of the β-catenin transcriptional complex supports diverse functions of

Wnt/β-catenin signaling. J. Biochem. 2016, 161, 9–17. [CrossRef]
47. Taciak, B.; Pruszynska, I.; Kiraga, L.; Bialasek, M.; Krol, M. Wnt signaling pathway in development and cancer. J. Physiol.

Pharmacol. 2018, 69, 185–196. [CrossRef]
48. Polakis, P. Wnt Signaling in Cancer. Cold Spring Harb. Perspect. Biol. 2012, 4, a008052. [CrossRef]
49. Azzolin, L.; Panciera, T.; Soligo, S.; Enzo, E.; Bicciato, S.; Dupont, S.; Bresolin, S.; Frasson, C.; Basso, G.; Guzzardo, V.; et al.

YAP/TAZ Incorporation in the β-Catenin Destruction Complex Orchestrates the Wnt Response. Cell 2014, 158, 157–170. [CrossRef]
50. Komiya, Y.; Habas, R. Wnt signal transduction pathways. Organogenesis 2008, 4, 68–75. [CrossRef] [PubMed]
51. Uzdensky, A.; Demyanenko, S.; Bibov, M. Signal Transduction in Human Cutaneous Melanoma and Target Drugs. Curr. Cancer

Drug Targets 2013, 13, 843–866. [CrossRef] [PubMed]
52. Lien, W.-H.; Fuchs, E. Wnt some lose some: Transcriptional governance of stem cells by Wnt/β-catenin signaling. Genes Dev.

2014, 28, 1517–1532. [CrossRef]
53. Kretzschmar, K.; Clevers, H. Wnt/β-catenin signaling in adult mammalian epithelial stem cells. Dev. Biol. 2017, 428, 273–282.

[CrossRef] [PubMed]
54. Zhong, Z.; Virshup, D.M. Wnt Signaling and Drug Resistance in Cancer. Mol. Pharmacol. 2020, 97, 72–89. [CrossRef] [PubMed]
55. Kim, S.-E.; Huang, H.; Zhao, M.; Zhang, X.; Zhang, A.; Semonov, M.V.; MacDonald, B.T.; Zhang, X.; Abreu, J.G.; Peng, L.; et al.

Wnt Stabilization of β-Catenin Reveals Principles for Morphogen Receptor-Scaffold Assemblies. Science 2013, 340, 867–870.
[CrossRef]

56. Willert, K.; Shibamoto, S.; Nusse, R. Wnt-induced dephosphorylation of Axin releases beta -catenin from the Axin complex. Genes
Dev. 1999, 13, 1768–1773. [CrossRef]

57. Ikeda, S.; Kishida, S.; Yamamoto, H.; Murai, H.; Koyama, S.; Kikuchi, A. Axin, a negative regulator of the Wnt signaling pathway,
forms a complex with GSK-3beta and beta-catenin and promotes GSK-3beta-dependent phosphorylation of beta-catenin. EMBO J.
1998, 17, 1371–1384. [CrossRef]

58. Goswami, V.G.; Patel, B.D. Recent updates on Wnt signaling modulators: A patent review (2014–2020). Expert Opin. Ther. Patents
2021, 31, 1009–1043. [CrossRef]

59. Ghosh, N.; Hossain, U.; Mandal, A.; Sil, P.C. The Wnt signaling pathway: A potential therapeutic target against cancer. Ann. N. Y.
Acad. Sci. 2019, 1443, 54–74. [CrossRef]

60. Zhan, T.; Rindtorff, N.; Boutros, M. Wnt signaling in cancer. Oncogene 2016, 36, 1461–1473. [CrossRef]
61. James, R.G.; Conrad, W.H.; Moon, R.T. β-Catenin-Independent Wnt Pathways: Signals, Core Proteins, and Effectors. Methods Mol.

Biol. 2008, 468, 131–144. [CrossRef] [PubMed]
62. Marinou, K.; Christodoulides, C.; Antoniades, C.; Koutsilieris, M. Wnt signaling in cardiovascular physiology. Trends Endocrinol.

Metab. 2012, 23, 628–636. [CrossRef] [PubMed]
63. Farb, M.G.; Karki, S.; Park, S.-Y.; Saggese, S.M.; Carmine, B.; Hess, D.T.; Apovian, C.; Fetterman, J.L.; Bretón-Romero, R.; Hamburg,

N.; et al. WNT5A-JNK regulation of vascular insulin resistance in human obesity. Vasc. Med. 2016, 21, 489–496. [CrossRef]
64. Ackers, I.; Malgor, R. Interrelationship of canonical and non-canonical Wnt signalling pathways in chronic metabolic diseases.

Diabetes Vasc. Dis. Res. 2017, 15, 3–13. [CrossRef] [PubMed]
65. Lang, C.M.R.; Chan, C.K.; Veltri, A.; Lien, W.-H. Wnt Signaling Pathways in Keratinocyte Carcinomas. Cancers 2019, 11, 1216.

[CrossRef]
66. Luga, V.; Zhang, L.; Viloria-Petit, A.M.; Ogunjimi, A.A.; Inanlou, M.R.; Chiu, E.; Buchanan, M.; Hosein, A.N.; Basik, M.;

Wrana, J.L. Exosomes Mediate Stromal Mobilization of Autocrine Wnt-PCP Signaling in Breast Cancer Cell Migration. Cell 2012,
151, 1542–1556. [CrossRef]

67. Qiu, J.-J.; Sun, S.-G.; Tang, X.-Y.; Lin, Y.-Y.; Hua, K.-Q. Extracellular vesicular Wnt7b mediates HPV E6-induced cervical cancer
angiogenesis by activating the β-catenin signaling pathway. J. Exp. Clin. Cancer Res. 2020, 39, 1–17. [CrossRef]

68. Azad, M.B.; Chen, Y.; Henson, E.S.; Cizeau, J.; McMillan-Ward, E.; Israels, S.J.; Gibson, S.B. Hypoxia induces autophagic cell
death in apoptosis-competent cells through a mechanism involving BNIP3. Autophagy 2008, 4, 195–204. [CrossRef]

69. Henze, A.-T.; Mazzone, M. The impact of hypoxia on tumor-associated macrophages. J. Clin. Investig. 2016, 126, 3672–3679.
[CrossRef]

http://doi.org/10.1126/science.8259519
http://doi.org/10.1126/science.275.5307.1784
http://doi.org/10.1016/j.cell.2012.05.012
http://doi.org/10.1242/dev.146589
http://www.ncbi.nlm.nih.gov/pubmed/29884654
http://doi.org/10.1016/j.cell.2017.05.016
http://www.ncbi.nlm.nih.gov/pubmed/28575679
http://doi.org/10.1186/s13045-017-0471-6
http://www.ncbi.nlm.nih.gov/pubmed/28476164
http://doi.org/10.3390/ijms21144852
http://doi.org/10.1093/jb/mvw072
http://doi.org/10.26402/JPP.2018.2.07
http://doi.org/10.1101/cshperspect.a008052
http://doi.org/10.1016/j.cell.2014.06.013
http://doi.org/10.4161/org.4.2.5851
http://www.ncbi.nlm.nih.gov/pubmed/19279717
http://doi.org/10.2174/1568009611313080004
http://www.ncbi.nlm.nih.gov/pubmed/23675881
http://doi.org/10.1101/gad.244772.114
http://doi.org/10.1016/j.ydbio.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28526587
http://doi.org/10.1124/mol.119.117978
http://www.ncbi.nlm.nih.gov/pubmed/31787618
http://doi.org/10.1126/science.1232389
http://doi.org/10.1101/gad.13.14.1768
http://doi.org/10.1093/emboj/17.5.1371
http://doi.org/10.1080/13543776.2021.1940138
http://doi.org/10.1111/nyas.14027
http://doi.org/10.1038/onc.2016.304
http://doi.org/10.1007/978-1-59745-249-6_10
http://www.ncbi.nlm.nih.gov/pubmed/19099251
http://doi.org/10.1016/j.tem.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22902904
http://doi.org/10.1177/1358863X16666693
http://doi.org/10.1177/1479164117738442
http://www.ncbi.nlm.nih.gov/pubmed/29113510
http://doi.org/10.3390/cancers11091216
http://doi.org/10.1016/j.cell.2012.11.024
http://doi.org/10.1186/s13046-020-01745-1
http://doi.org/10.4161/auto.5278
http://doi.org/10.1172/JCI84427


Cancers 2023, 15, 2088 14 of 15

70. Yu, Y.; Min, Z.; Zhihang, Z.; Linhong, M.; Tao, R.; Yan, L.; Song, H. Hypoxia-induced exosomes promote hepatocellular carcinoma
proliferation and metastasis via miR-1273f transfer. Exp. Cell Res. 2019, 385, 111649. [CrossRef]

71. Pastushenko, I.; Blanpain, C. EMT Transition States during Tumor Progression and Metastasis. Trends Cell Biol. 2019, 29, 212–226.
[CrossRef]

72. Hu, Z.; Xie, L. LHX6 inhibits breast cancer cell proliferation and invasion via repression of the Wnt/β-catenin signaling pathway.
Mol. Med. Rep. 2015, 12, 4634–4639. [CrossRef]

73. Yan, L.; Cai, K.; Sun, K.; Gui, J.; Liang, J. MiR-1290 promotes proliferation, migration, and invasion of glioma cells by targeting
LHX6. J. Cell. Physiol. 2017, 233, 6621–6629. [CrossRef]

74. Yang, J.; Han, F.; Liu, W.; Zhang, M.; Huang, Y.; Hao, X.; Jiang, X.; Yin, L.; Chen, H.; Cao, J.; et al. LHX6, An Independent
Prognostic Factor, Inhibits Lung Adenocarcinoma Progression through Transcriptional Silencing of β-catenin. J. Cancer 2017,
8, 2561–2574. [CrossRef] [PubMed]

75. Yang, B.; Feng, X.; Liu, H.; Tong, R.; Wu, J.; Li, C.; Yu, H.; Chen, Y.; Cheng, Q.; Chen, J.; et al. High-metastatic cancer cells derived
exosomal miR92a-3p promotes epithelial-mesenchymal transition and metastasis of low-metastatic cancer cells by regulating
PTEN/Akt pathway in hepatocellular carcinoma. Oncogene 2020, 39, 6529–6543. [CrossRef]

76. Li, R.; Wang, Y.; Zhang, X.; Feng, M.; Ma, J.; Li, J.; Yang, X.; Fang, F.; Xia, Q.; Zhang, Z.; et al. Exosome-mediated secretion of
LOXL4 promotes hepatocellular carcinoma cell invasion and metastasis. Mol. Cancer 2019, 18, 18. [CrossRef] [PubMed]

77. Wang, S.; Chen, G.; Lin, X.; Xing, X.; Cai, Z.; Liu, X.; Liu, J. Role of exosomes in hepatocellular carcinoma cell mobility alteration.
Oncol. Lett. 2017, 14, 8122–8131. [CrossRef] [PubMed]

78. Fu, X.; Tang, Y.; Wu, W.; Ouyang, Y.; Tan, D.; Huang, Y. Exosomal microRNA-25 released from cancer cells targets SIK1 to promote
hepatocellular carcinoma tumorigenesis. Dig. Liver Dis. 2021, 54, 954–963. [CrossRef]

79. Yu, B.; Zhou, S.; Long, D.; Ning, Y.; Yao, H.; Zhou, E.; Wang, Y. DDX55 promotes hepatocellular carcinoma progression
by interacting with BRD4 and participating in exosome-mediated cell-cell communication. Cancer Sci. 2022, 113, 3002–3017.
[CrossRef]

80. Tey, S.K.; Wong, S.W.K.; Chan, J.Y.T.; Mao, X.; Ng, T.H.; Yeung, C.L.S.; Leung, Z.; Fung, H.L.; Tang, A.H.N.; Wong, D.K.H.; et al.
Patient pIgR-enriched extracellular vesicles drive cancer stemness, tumorigenesis and metastasis in hepatocellular carcinoma.
J. Hepatol. 2021, 76, 883–895. [CrossRef]

81. Dall’Olio, F.; Chiricolo, M. Sialyltransferases in cancer. Glycoconj. J. 2001, 18, 841–850. [CrossRef]
82. Wang, L.; Chen, X.; Wang, L.; Wang, S.; Li, W.; Liu, Y.; Zhang, J. Knockdown of ST6Gal-I expression in human hepatocellular

carcinoma cells inhibits their exosome-mediated proliferation- and migration-promoting effects. IUBMB Life 2021, 73, 1378–1391.
[CrossRef]

83. Qin, W.; Wang, L.; Tian, H.; Wu, X.; Xiao, C.; Pan, Y.; Fan, M.; Tai, Y.; Liu, W.; Zhang, Q.; et al. CAF-derived exosomes transmitted
Gremlin-1 promotes cancer progression and decreases the sensitivity of hepatoma cells to sorafenib. Mol. Carcinog. 2022,
61, 764–775. [CrossRef]

84. Lu, C.; Liao, Z.; Cai, M.; Zhang, G. MicroRNA-320a downregulation mediates human liver cancer cell proliferation through the
Wnt/β-catenin signaling pathway. Oncol. Lett. 2016, 13, 573–578. [CrossRef]

85. Zhang, Z.; Li, X.; Sun, W.; Yue, S.; Yang, J.; Li, J.; Ma, B.; Wang, J.; Yang, X.; Pu, M.; et al. Loss of exosomal miR-320a from
cancer-associated fibroblasts contributes to HCC proliferation and metastasis. Cancer Lett. 2017, 397, 33–42. [CrossRef]

86. Gordon, S.; Martinez, F.O. Alternative Activation of Macrophages: Mechanism and Functions. Immunity 2010, 32, 593–604.
[CrossRef]

87. Talmadge, J.E.; Donkor, M.; Scholar, E. Inflammatory cell infiltration of tumors: Jekyll or Hyde. Cancer Metastasis Rev. 2007,
26, 373–400. [CrossRef]

88. Liu, G.; Ouyang, X.; Sun, Y.; Xiao, Y.; You, B.; Gao, Y.; Yeh, S.; Li, Y.; Chang, C. The miR-92a-2-5p in exosomes from macrophages
increases liver cancer cells invasion via altering the AR/PHLPP/p-AKT/β-catenin signaling. Cell Death Differ. 2020, 27, 3258–3272.
[CrossRef]

89. Zheng, C.; Zheng, L.; Yoo, J.-K.; Guo, H.; Zhang, Y.; Guo, X.; Kang, B.; Hu, R.; Huang, J.Y.; Zhang, Q.; et al. Landscape of
Infiltrating T Cells in Liver Cancer Revealed by Single-Cell Sequencing. Cell 2017, 169, 1342–1356. [CrossRef]

90. Ma, J.; Zheng, B.; Goswami, S.; Meng, L.; Zhang, D.; Cao, C.; Li, T.; Zhu, F.; Ma, L.; Zhang, Z.; et al. PD1Hi CD8+ T cells correlate
with exhausted signature and poor clinical outcome in hepatocellular carcinoma. J. Immunother. Cancer 2019, 7, 1–15. [CrossRef]

91. Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486–499. [CrossRef]
92. Pu, J.; Xu, Z.; Nian, J.; Fang, Q.; Yang, M.; Huang, Y.; Li, W.; Bin Ge, B.; Wang, J.; Wei, H. M2 macrophage-derived extracellular

vesicles facilitate CD8+T cell exhaustion in hepatocellular carcinoma via the miR-21-5p/YOD1/YAP/β-catenin pathway. Cell
Death Discov. 2021, 7, 182. [CrossRef]

93. Sehrawat, S.; Koenig, P.-A.; Kirak, O.; Schlieker, C.; Fankhauser, M.; Ploegh, H.L. A catalytically inactive mutant of the
deubiquitylase YOD-1 enhances antigen cross-presentation. Blood 2013, 121, 1145–1156. [CrossRef]

94. Wang, G.; Lu, X.; Dey, P.; Deng, P.; Wu, C.C.; Jiang, S.; Fang, Z.; Zhao, K.; Konaparthi, R.; Hua, S.; et al. Targeting YAP-Dependent
MDSC Infiltration Impairs Tumor Progression. Cancer Discov. 2016, 6, 80–95. [CrossRef]

95. Murakami, S.; Shahbazian, D.; Surana, R.; Zhang, W.; Chen, H.; Graham, G.T.; White, S.M.; Weiner, L.M.; Yi, C. Yes-associated
protein mediates immune reprogramming in pancreatic ductal adenocarcinoma. Oncogene 2017, 36, 1232–1244. [CrossRef]

http://doi.org/10.1016/j.yexcr.2019.111649
http://doi.org/10.1016/j.tcb.2018.12.001
http://doi.org/10.3892/mmr.2015.3997
http://doi.org/10.1002/jcp.26381
http://doi.org/10.7150/jca.19972
http://www.ncbi.nlm.nih.gov/pubmed/28900494
http://doi.org/10.1038/s41388-020-01450-5
http://doi.org/10.1186/s12943-019-0948-8
http://www.ncbi.nlm.nih.gov/pubmed/30704479
http://doi.org/10.3892/ol.2017.7257
http://www.ncbi.nlm.nih.gov/pubmed/29250190
http://doi.org/10.1016/j.dld.2021.07.017
http://doi.org/10.1111/cas.15393
http://doi.org/10.1016/j.jhep.2021.12.005
http://doi.org/10.1023/A:1022288022969
http://doi.org/10.1002/iub.2562
http://doi.org/10.1002/mc.23416
http://doi.org/10.3892/ol.2016.5479
http://doi.org/10.1016/j.canlet.2017.03.004
http://doi.org/10.1016/j.immuni.2010.05.007
http://doi.org/10.1007/s10555-007-9072-0
http://doi.org/10.1038/s41418-020-0575-3
http://doi.org/10.1016/j.cell.2017.05.035
http://doi.org/10.1186/s40425-019-0814-7
http://doi.org/10.1038/nri3862
http://doi.org/10.1038/s41420-021-00556-3
http://doi.org/10.1182/blood-2012-08-447409
http://doi.org/10.1158/2159-8290.CD-15-0224
http://doi.org/10.1038/onc.2016.288


Cancers 2023, 15, 2088 15 of 15

96. Heuberger, J.; Birchmeier, W. Interplay of Cadherin-Mediated Cell Adhesion and Canonical Wnt Signaling. Cold Spring Harb.
Perspect. Biol. 2010, 2, a002915. [CrossRef]

97. McCrea, P.D.; Maher, M.T.; Gottardi, C.J. Nuclear Signaling from Cadherin Adhesion Complexes. Curr. Top. Dev. Biol. 2015,
112, 129–196. [CrossRef]

98. Han, Q.; Lv, L.; Wei, J.; Lei, X.; Lin, H.; Li, G.; Cao, J.; Xie, J.; Yang, W.; Wu, S.; et al. Vps4A mediates the localization
and exosome release of β-catenin to inhibit epithelial-mesenchymal transition in hepatocellular carcinoma. Cancer Lett. 2019,
457, 47–59. [CrossRef]

99. Yang, W.; Wei, J.; Lv, L.; Xie, J.; Li, A.; Zheng, Z.; Zhuo, W.; Liu, P.; Min, J. p62 Promotes Malignancy of Hepatocellular Carcinoma
by Regulating the Secretion of Exosomes and the Localization of β-Catenin. Front. Biosci. 2022, 27, 89. [CrossRef]

100. Bahmani, L.; Ullah, M. Different Sourced Extracellular Vesicles and Their Potential Applications in Clinical Treatments. Cells 2022,
11, 1989. [CrossRef]

101. Greish, K. Enhanced permeability and retention of macromolecular drugs in solid tumors: A royal gate for targeted anticancer
nanomedicines. J. Drug Target. 2007, 15, 457–464. [CrossRef]

102. 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]

103. Yamashita, T.; Budhu, A.; Forgues, M.; Wang, X.W. Activation of Hepatic Stem Cell Marker EpCAM by Wnt–β-Catenin Signaling
in Hepatocellular Carcinoma. Cancer Res. 2007, 67, 10831–10839. [CrossRef] [PubMed]

104. Li, Y.; Farmer, R.W.; Yang, Y.; Martin, R.C.G. Epithelial cell adhesion molecule in human hepatocellular carcinoma cell lines: A
target of chemoresistence. BMC Cancer 2016, 16, 228. [CrossRef]

105. Katoh, M. Canonical and non-canonical WNT signaling in cancer stem cells and their niches: Cellular heterogeneity, omics
reprogramming, targeted therapy and tumor plasticity (Review). Int. J. Oncol. 2017, 51, 1357–1369. [CrossRef] [PubMed]

106. Ishiguro, K.; Yan, I.K.; Lewis-Tuffin, L.; Patel, T. Targeting Liver Cancer Stem Cells Using Engineered Biological Nanoparticles for
the Treatment of Hepatocellular Cancer. Hepatol. Commun. 2020, 4, 298–313. [CrossRef]

107. Xu, F.; Ye, M.; Zhang, Y.; Li, W.; Li, M.; Wang, H.; Qiu, X.; Xu, Y.; Yin, J.; Hu, Q.; et al. MicroRNA-375-3p enhances chemosensitivity
to 5-fluorouracil by targeting thymidylate synthase in colorectal cancer. Cancer Sci. 2020, 111, 1528–1541. [CrossRef]

108. Yang, D.; Yan, R.; Zhang, X.; Zhu, Z.; Wang, C.; Liang, C.; Zhang, X. Deregulation of MicroRNA-375 inhibits cancer proliferation
migration and chemosensitivity in pancreatic cancer through the association of HOXB3. Am. J. Transl. Res. 2016, 8, 1551–1559.
[PubMed]

109. Fu, H.; Fu, L.; Xie, C.; Zuo, W.-S.; Liu, Y.-S.; Zheng, M.-Z.; Yu, J.-M. miR-375 inhibits cancer stem cell phenotype and tamoxifen
resistance by degrading HOXB3 in human ER-positive breast cancer. Oncol. Rep. 2017, 37, 1093–1099. [CrossRef]

110. Yu, Z.; Liu, J.; Fan, Q.; Yu, J.; Ren, X.; Wang, X. Extracellular Vesicle-Encapsulated MicroRNA-375 from Bone Marrow-Derived
Mesenchymal Stem Cells Inhibits Hepatocellular Carcinoma Progression through Regulating HOXB3-Mediated Wnt/β-Catenin
Pathway. Anal. Cell. Pathol. 2022, 2022, 9302496. [CrossRef]

111. Golpanian, S.; Wolf, A.; Hatzistergos, K.E.; Hare, J.M. Rebuilding the Damaged Heart: Mesenchymal Stem Cells, Cell-Based
Therapy, and Engineered Heart Tissue. Physiol. Rev. 2016, 96, 1127–1168. [CrossRef] [PubMed]

112. Nakamizo, A.; Marini, F.; Amano, T.; Khan, A.; Studeny, M.; Gumin, J.; Chen, J.; Hentschel, S.; Vecil, G.; Dembinski, J.; et al.
Human Bone Marrow–Derived Mesenchymal Stem Cells in the Treatment of Gliomas. Cancer Res. 2005, 65, 3307–3318. [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.

http://doi.org/10.1101/cshperspect.a002915
http://doi.org/10.1016/bs.ctdb.2014.11.018
http://doi.org/10.1016/j.canlet.2019.04.035
http://doi.org/10.31083/j.fbl2703089
http://doi.org/10.3390/cells11131989
http://doi.org/10.1080/10611860701539584
http://doi.org/10.1002/hep4.1311
http://www.ncbi.nlm.nih.gov/pubmed/30976743
http://doi.org/10.1158/0008-5472.CAN-07-0908
http://www.ncbi.nlm.nih.gov/pubmed/18006828
http://doi.org/10.1186/s12885-016-2252-y
http://doi.org/10.3892/ijo.2017.4129
http://www.ncbi.nlm.nih.gov/pubmed/29048660
http://doi.org/10.1002/hep4.1462
http://doi.org/10.1111/cas.14356
http://www.ncbi.nlm.nih.gov/pubmed/27186281
http://doi.org/10.3892/or.2017.5360
http://doi.org/10.1155/2022/9302496
http://doi.org/10.1152/physrev.00019.2015
http://www.ncbi.nlm.nih.gov/pubmed/27335447
http://doi.org/10.1158/0008-5472.CAN-04-1874
http://www.ncbi.nlm.nih.gov/pubmed/15833864

	Introduction 
	Hepatocellular Carcinoma (HCC) 
	Extracellular Vesicles (EVs) and Tumor Microenvironment (TME) 
	Wnt Signaling 
	Canonical Pathway 
	Noncanonical Pathways 


	EVs Regulate Wnt Signaling in HCC 
	Evs Regulate Wnt Signaling via Transport between Different Types of HCC Cells 
	EVs Modulate Wnt Signaling through Transport between HCC and Stromal Cells and between Different Types of Stromal Cells 
	EVs Modulate -Catenin Signaling in HCC by Altering the Cellular Localization of -Catenin 

	EVs-Based Biological Nanoparticles Modulate Wnt Signaling in HCC Cells 
	Conclusions and Future Directions 
	References

