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Abstract

Glypican-3 (GPC-3) is predominantly found in the placenta and fetal liver, with limited expression in adult tissues. Its
re-expression in hepatocellular carcinoma (HCC) and secretion into the serum highlights its potential as a diagnostic
marker. GPC-3 is involved in important cellular processes such as proliferation, metastasis, apoptosis, and epithe-
lial-mesenchymal transition through various signaling pathways including Wnt, IGF, YAP, and Hedgehog. To review
the structure, biosynthesis, and post-translational modifications of GPC-3, and to elucidate its signaling mechanisms
and role as a pro-proliferative protein in HCC, emphasizing its diagnostic and therapeutic potential. A comprehensive
literature review was conducted, focusing on the expression of GPC-3 in various tumors, with a special emphasis

on HCC. The review synthesized findings from experimental studies and clinical trials, analyzing the overexpression
of GPC-3 in HCC, its differentiation from other liver diseases, and its potential as a diagnostic and therapeutic target.
GPC-3 overexpression in HCC is linked to aggressive tumor behavior and poor prognosis, including shorter overall
and disease-free survival. Additionally, GPC-3 has emerged as a promising therapeutic target. Ongoing investigations,
including immunotherapies such as monoclonal antibodies and CAR-T cell therapies, demonstrate potential in inhib-
iting tumor growth and improving clinical outcomes. The review details the multifaceted roles of GPC-3 in tumori-
genesis, including its impact on tumor-associated macrophages, glucose metabolism, and epithelial-mesenchymal
transition, all contributing to HCC progression. GPC-3's re-expression in HCC and its involvement in key tumorigenic
processes underscore its value as a biomarker for early diagnosis and a target for therapeutic intervention. Further
research is warranted to fully exploit GPC-3's diagnostic and therapeutic potential in HCC management.
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Introduction

According to global cancer statistics from 2020, primary
liver cancer is the sixth most commonly diagnosed can-
cer and the third leading cause of cancer-related mor-
tality worldwide. HCC is the most common form of
primary liver cancer, representing 75-85% of cases. [1].
The high mortality rate associated with HCC is partly
due to the late-stage diagnosis and the lack of effec-
tive systemic therapies [2].(GPC-3, a cell surface hep-
aran sulfate proteoglycan, has emerged as a promising
diagnostic and therapeutic target in HCC due to its re-
expression in malignant tissues and absence in healthy
liver. GPC-3’s overexpression in HCC is associated with
aggressive tumor behavior and poorer outcomes, includ-
ing reduced overall survival and disease-free survival.
These findings suggest that GPC-3 is not only a valu-
able diagnostic marker, but also holds therapeutic poten-
tial. Recent advancements in targeted therapies, such as
monoclonal antibodies and chimeric antigen receptor
(CAR)-T cells targeting GPC-3, have shown encourag-
ing results in preclinical models, underlining the mol-
ecule’s significance in HCC prognosis and therapy [3-5].
Even though liver resection, ablation, and transplanta-
tion are potentially curative, HCC requires diagnosis
sufficiently early. Chemotherapy, including first-line
agents such as sorafenib and lenvatinib, often encoun-
ters issues of resistance [3]. Thus, the early diagnosis of
HCC is important to enable early therapeutic interven-
tion and prolong survival [4]. In this context, GPC-3 has
emerged as a promising biomarker for hepatocellular
carcinoma [5]. GPC-3 is a member of the heparan sul-
fate proteoglycan family and a glycosylphosphatidylino-
sitol (GPI)-anchored cell surface oncofetal protein [6, 7].
Currently, six glypican proteins (GPC 1-6) have been
identified in mammals, along with two homolog pro-
teins (Daily and Dally-like protein) in flies [8]. GPC-3
is primarily expressed in embryonic tissues, with nota-
ble variation in expression across healthy adult tissues.
While GPC-3 is present during development in tissues
such as the digestive tract, gonads, kidneys, liver, oral
cavity, nervous tissue, tongue, and vertebrae, its expres-
sion is silenced in most adult tissues due to promoter
region hypermethylation [9, 10]. As a key member of the
glypican family, GPC-3 plays important roles in various
cellular processes, including adhesion, apoptosis, prolif-
eration, migration, and survival, by interacting with path-
ways such as Wnt, Hedgehog, fibroblast growth factors,
and bone morphogenetic proteins [6, 7, 11]. Mutations in
GPC-3 can lead to Simpson—Golabi—-Behmel syndrome,
an X-linked disorder characterized by pre- and post-natal
overgrowth and an increased risk of embryonal tumors
[12]. This syndrome is linked to excessive activation of
the Hedgehog signaling pathway, with GPC-3 serving
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as a potent negative regulator [13]. The loss of GPC-3
function leads to organ enlargement, underscoring its
role in regulating human growth and development [14].
Recent studies also highlight the involvement of GPC-3
in tumorigenesis [13]. GPC-3 is highly expressed in
various cancers, including liver, gastric, breast, ovarian,
penile, prostate, and gallbladder cancers, with particu-
larly high levels in HCC [6, 9]. Notably, GPC-3 is absent
in normal and benign liver tissues, as well as in patients
with hepatitis. Immunostaining for GPC-3 can help dif-
ferentiate hepatocellular carcinoma from dysplastic
changes in cirrhotic livers and cholangiocarcinoma, mak-
ing it a promising therapeutic target for liver cancer [15].
Overexpression of GPC-3 in HCC has been confirmed
through functional genomic mRNA profiling, which
found GPC-3 overexpression in 77% of cases [16]. Addi-
tionally, soluble Glypican-3 (sGPC-3), formed through
enzymatic lysis of GPC-3, is detectable in the blood of
HCC patients, making it a potentially valuable diagnos-
tic marker [17]. Prognostically, increased GPC-3 expres-
sion in HCC is associated with poor outcomes, including
reduced overall and disease-free survival [5, 18]. Given
its role as a cancer antigen, GPC-3 has emerged as an
effective therapeutic target in treating HCC [19, 20]. This
review provides a comprehensive synthesis of the multi-
faceted roles of GPC-3 in HCC, focusing on its diagnos-
tic, prognostic, and therapeutic potential. It explores the
intricate interactions of GPC-3 within complex signal-
ing networks such as Wnt, YAP, and growth factor path-
ways, highlighting its regulatory mechanisms in HCC
progression and metastasis. The review also addresses
the heterogeneity of HCC and the challenges it poses for
GPC-3-targeted therapies, emphasizing the need for per-
sonalized approaches in evaluating GPC-3’s therapeutic
potential. Moreover, this review discusses the dual nature
of GPC-3, functioning both as a cell-surface co-receptor
and in its soluble form, adding complexity to its role in
HCC. By examining GPC-3’s roles in the tumor micro-
environment and its therapeutic implications, this review
offers new insights and directions for future research.

Review methodology

A comprehensive literature review was undertaken,
focusing on Glypican-3, hepatocellular carcinoma, sign-
aling pathways, and tumorigenic mechanisms. The search
strategy incorporated specific keywords and Medical
Subject Headings (MeSH) terms, including ‘Glypican-3;
‘HCC; ‘Signal Transduction, and ‘Tumorigenesis; utiliz-
ing Boolean operators for precision. This approach was
applied across PubMed/MedLine, Scopus, and Web of
Science. Inclusion criteria were English-language arti-
cles published since 2008, directly addressing Glypi-
can-3’s role in HCC. Exclusion criteria applied to articles
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focusing on Glypican-3 in non-HCC cancers. Out of 170
initially identified articles, 138 met the inclusion criteria,
resulting in a focused dataset for analysis.

Structure, biosynthesis and post-translational
modification

GPC-3 is a protein encoded by the GPC-3 / OCI-5 gene.
It was first isolated by Filmus et al. in 1998 [6]. The
GPC-3 gene is located on the X chromosome at Xq26
[13]. The single-chain GPC-3 forms a core protein of
70 kDa, consisting of 580 amino acids and eight exons
[20]. Furin cleaves the GPC-3 core protein at the Arg358-
Cys359 position, generating mature GPC-3 composed of
two subunits: a 40-kDa soluble N-terminal subunit and
a 30-kDa hydrophobic C-terminal subunit [6, 9]. Follow-
ing cleavage, these two subunits are connected by seven
disulfide bonds, forming a conserved structure with 14
cysteine residues [20]. Furin-mediated convertase pro-
cessing is essential for GPC-3-induced cell survival and
Wnt signaling in zebrafish, although it is not required for
HCC cell proliferation [21]. The C-terminal of GPC-3
contains two heparan sulfate chains (HSC), each attached
to specific insertion sites within the last 55 amino acids
of the carboxy terminus, at positions S495 and S504. This
positioning brings the HSCs in close proximity to the
cell membrane. [9, 11, 13, 22]. The synthesis of HS GAG
(glycosaminoglycan) begins in the cytoplasm, where
five uridine diphosphate (UDP)-derived activated sug-
ars—UDP-glucuronic acid, UDP-N-acetyl glucosamine,
UDP-xylose, UDP-galactose, and UDP-N-acetyl galac-
tosamine—are produced. An antiporter transmembrane
transporter moves these activated sugars from the cyto-
plasm to the Golgi apparatus [23, 24]. The addition of
heparan sulfate chains (HSC) to the GPC-3 core protein
requires a glycosaminoglycan (GAG)—protein tetrasac-
charide linkage at specific serine residues on the core pro-
teins. The synthesis of this tetrasaccharide region begins
with the attachment of xylose to serine (catalyzed by two
xylosyltransferases), followed by the sequential addi-
tion of two galactose residues (by galactosyltransferases
I and II) and glucuronic acid (by glucuronosyltransferase
I) from UDP sugars, forming the Xyl-Gal-Gal-Glc struc-
ture. N-acetylglucosaminyl transferase I then adds Glc-
NAc (N-acetylglucosamine) to this bond. The HS chains
are copolymerized by the alternating addition of GlcA
and GlcNAc residues, which undergo epimerization and
sulfation. Some of these modified sugars undergo O-sul-
fation during chain assembly [25], determining their bio-
active functions [23]. The HS chains possess a negative
charge, which facilitates binding to positively charged
growth factors, including hepatocyte growth factors
(HGFs), fibroblast growth factors (FGFs), Wnts, Hedge-
hog, and bone morphogenetic proteins (BMP) [11]. As a
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result, HSCs act as docking sites for these growth factors.
In HCC, however, the HS chains do not exhibit a cell-
specific function, as neither the HSC nor the convertase
processing by furin is necessary for GPC-3 and Wnt-
mediated tumorigenic activity [11]. Another key feature
of the C-terminal region is the lipid anchor known as
glycosylphosphatidylinositol (GPI), which, upon matura-
tion, facilitates the attachment of GPC-3 to the cell sur-
face. A series of enzymatic processes in the endoplasmic
reticulum leads to the assembly of the GPI anchor on a
phosphatidylinositol lipid, which is covalently attached to
the carboxyl terminus (omega-site) of the protein. Dur-
ing the attachment of the GPI anchor, the COOH termi-
nal of the hydrophobic domain is removed and replaced
with a pre-assembled GPI anchor through a transamida-
tion reaction (a chemical process where one functional
group is replaced by another) [26, 27]. By analyzing the
amino acid sequence of GPC-3 using the big-PI predictor,
serine 560 was identified as the cleavage site for the GPI
anchor in GPC-3 [11]. Notum, an extracellular lipase, is
responsible for GPI anchor cleavage in other proteins,
but it does not cleave GPC-3; instead, it functions as
a Wnt deacetylase, according to recent studies [21, 28].
In contrast, membrane-bound sheddase enzymes, such
as phospholipase D, are suspected to be involved in the
cleavage of GPC-3’s GPI anchor [6]. This cleavage results
in the shedding of GPC-3 from tumor cells into the extra-
cellular environment, forming soluble Glypican-3 (sGPC-
3) [6, 29]. Since GPC-3 must be attached to the cell
membrane to exert its growth-promoting effects, the for-
mation of sGPC-3 acts as a dominant-negative form by
competing with membrane-bound GPC-3 for binding to
Wnt and other growth factors [11]. The physiochemical
properties of GPC-3 were assessed using the online tool
ProtParam. The analysis revealed that the mature GPC-3
protein has a molecular weight of 65,967.09 Da and a
molecular formula of C2950H4609N7790858S39, with
an isoelectric point of 6.01, indicating its acidic nature.
Leucine was found to be the most prevalent amino acid,
accounting for 10.3% of the total amino acids [13].

GPC-3 undergoes several post-translational modifica-
tions, including the attachment of two O-linked HS side
chains and intracellular cleavage by furin, which gener-
ates two peptide fragments linked by disulfide bridges.
The protein is anchored to the cell surface via a GPI
anchor and is later released by cleavage of the anchor,
forming soluble GPC-3. These chemical modifications
are essential for GPC-3’s functional activity [30]. Glypi-
can-3 plays a significant role in regulating cell prolif-
eration, which is important for its involvement in HCC
progression (Fig. 1). Table 1 summarizes the key struc-
tural, biosynthetic, and post-translational modifications
of Glypican-3 in the context of HCC.
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Fig. 1 Glypican 3 structure: this represents the structural illustration of GPC-3 with 70-kDa core protein, attached to the cell surface via GPl anchor.
The core protein is cleaved by furin at the Arg 358Cys 359 bond to generate two subunits: a 40-kDa N-terminal subunit and a 30-kDa C-terminal
subunit with two HS side chains as appendages at S495 and S509. Both these subunits are linked to each other after cleavage by disulfide

bonds. Ser560 is the cleavage site for GPl anchor and releases GPC-3 from the cell surface into the extracellular environment after cleavage

by phospholipase D, a membrane-bound sheddase enzyme. GPC-3 Glypican-3, GPI glycosylphosphatidylinositol, HS heparan sulfate

Mechanism of tumorigenesis regulated by GPC-3
Recruitment of tumor-associated macrophages
Macrophages are immune cells that can have both pro-
tumor and anti-tumor effects, acting as a double-edged
sword [31]. The M2 phenotype of macrophages, in par-
ticular, promotes HCC progression and is associated
with poor prognosis in HCC patients [22, 32]. GPC-3
expression on the cell membrane has been shown to
reactivate the recruitment of macrophages. In xenograft
models derived from SK-HEP-1 and SKO3 cell lines,
GPC-3 expression was either undetectable or elevated.
Genome-array analysis indicated that the recruitment
of M2-polarized macrophages into SK03 xenografts is
associated with GPC-3 overexpression in tumor cells.
These findings highlight the role of intratumoral M2
macrophages, also known as tumor-associated mac-
rophages (TAMs) [33], which act as pro-tumorigenic
agents by promoting invasion and metastasis [34]. TAMs
are a prominent cell type in the tumor microenvironment
(TME), and their immunosuppressive nature is inversely
correlated with patient survival and tumor progression

[35]. GPC-3 overexpression in HCC cells enhances TAM
recruitment in HCC tissues through binding to CCL5
and CCL3. Targeting GPC-3 with antibodies has been
shown to reduce the recruitment of M2-polarized TAMs
in advanced HCC [31].

Glucose metabolism

By reprogramming glucose metabolism, GPC-3 pro-
motes liver carcinogenesis and metastasis [36]. In
HCC, elevated levels of GPC-3 enhance glucose uptake
and lactate production, supporting biomass regenera-
tion and maintaining an acidic environment that fosters
cell proliferation and metastasis [36, 37]. GPC-3 acts
as a regulator of the Warburg effect by upregulating
the HIF-1a-mediated activation of glycolytic enzymes,
while concurrently downregulating PGC-1a-mediated
mitochondrial oxidative phosphorylation [36]. To
help cancer cells survive under hypoxic conditions,
GPC-3 on the cell surface interacts with monocarbox-
ylate transporter 4 (MCT4) and glucose transporter 4
(GLUT4) in liver cancer cells [38]. The co-localization
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Table 1 Structural insights and post-translational modifications of GPC-3 in HCC
Feature Description Key processes Molecular interactions References
Gene and location GPC-3 encoded by GPC-3/0CI-5 - - [6,13]
gene on X chromosome at Xg26
Core protein Single-chain core protein - - [20]
of 70 kDa with 580 amino acids
Cleavage and maturation  Furin cleaves at Arg 358—Cys Furin-mediated convertase Linked by seven disulfide bonds  [6, 9, 20, 21]
359; forms 40-kDa N-terminal processing
and 30-kDa C-terminal subunits
HSC Two HSCs attached at the C-ter-  Synthesis involves UDP-sugars, Binds growth factors like HGFs, [9,11,13,22-25]
minal within the last 55 amino xylosyltransferases, galactosyl- FGFs, Wnts
acids transferase, glucuronosyltrans-
ferase, N-acetyl glucosaminyl
transferase
GPI'anchor C-terminal GPI anchor attaches Enzymatic processes Notum acts as Wnt deacetylase;  [6, 11,21, 26-29]

GPC-3 to cell membrane

in the endoplasmic reticu-
lum; transamidation reaction

phospholipase D suspected
for cleavage

for anchor assembly

Soluble GPC-3 (sGPC-3) Formation of sGPC-3 by GPI

anchor cleavage

Mature GPC-3 has molecular

Competes with cell-bound Acts as a dominant-negative [6,11,29]
GPC-3 for binding to Wnt form of GPC-3

and other growth factors

Assessed using ProtParam Leucine is the most prevalent [13,30]

Physiochemical properties
weight of 65,967.09 Da

amino acid

C-terminal carboxy terminal, FGFs fibroblast growth factors, GAG glycosaminoglycan, GPI glycosylphosphatidylinositol, GPC-3 Glypican-3, HCC hepatocellular
carcinoma, HGFs hepatocyte growth factors, HSC heparan sulfate chains, N-terminal amino terminal, sGPC-3 soluble Glypican 3, UDP uridine diphosphate, Wnts Wnt

proteins

of CD147 and MCT4 further promotes tumor migra-
tion and invasion through the activation of matrix met-
allopeptidases [37, 38] (Table 2).

EMT

Elevated GPC-3 levels are strongly correlated with the
epithelial-mesenchymal transition (EMT) process and
metastasis via the ERK (extracellular receptor kinase)

Table 2 Impact of Glypican 3 on tumorigenesis mechanisms in HCC

signaling pathway [39]. EMT is a highly coordinated
biological program that downregulates epithelial cell
markers while upregulating mesenchymal markers [40].
Various proteins regulate EMT, including E-cadherin,
Snaill, Snail2 (Slug), and matrix metallopeptidases 2
and 9 (MMP-2 and MMP-9) [10, 41]. E-cadherin, a cell
adhesion molecule, plays an important role in maintain-
ing epithelial integrity, and its loss is associated with the

Mechanism Effect on HCC Key interactions/outcomes References

Recruitment of TAMs T HCC progression GPC-3 overexpression reactivates macrophage recruiting [22,31-33]
1T Association with poor prognosis

Glucose metabolism TLiver carcinogenesis TMetastasis GPC-3 reprograms metabolism favoring glucose absorption [36,37]
and lactate synthesis
acts as a Warburg effect regulator

EMT tCorrelation with metastasis GPC-3 elevation linked to EMT via ERK signaling; [10,39-43]
| E-cadherins
Mnvasion, Tmetastasis

CXCL12/CXCR4 axis TCellular migration TAngiogenesis TCXCL12/CXCR4 signaling [20, 44-46]
THCC cell proliferation and migration

Bax/Bcl-2 Pathway TApoptosis resistance {Bax/Bcl-2 [47]
TCell survival

SULF-2 interaction TOncogenic effect TSULF-2 expression [48-51]

TProliferation
LApoptosis

TAMs tumor-associated macrophages, GPC-3 Glypican 3, HCC hepatocellular carcinoma, EMT epithelial-mesenchymal transition, ERK extracellular receptor kinase,
CXCL12 C-X-C motif chemokine ligand 12, CXCR4 C-X-C chemokine receptor type 4, SULF-2 sulfatase 2. Symbol: Tincrease, {decrease
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transition from benign lesions to invasive metastatic can-
cer [42]. GPC-3 and Snail act as negative regulators of
E-cadherin in HCC [10, 39]. Silencing GPC-3 in HepG2
cells results in downregulation of Snail and Slug while
increasing E-cadherin levels [10]. The progression of
HCC from Barcelona Clinic Liver Cancer (BCLC) stages
A or B to stage C shows a parallel rise in GPC-3 expres-
sion, EMT markers, and vascular invasion [43]. Addition-
ally, p-catenin and Wnt signaling-related proteins also
contribute to the EMT process, which is sequentially reg-
ulated by GPC-3. Two mechanisms have been proposed
for the role of B-catenin in EMT. One involves the forma-
tion of a complex with E-cadherin, depleting E-cadherin
levels at adherens junctions and releasing B-catenin into
the cytosol, where it activates transcription necessary
for cell proliferation. The other mechanism suggests
that p-catenin-mediated transcription may upregulate
the EMT program by inducing Snail and Slug expres-
sion [10]. Thus, there is a tripartite relationship between
[-catenin, EMT, and GPC-3 in regulating invasion and
metastasis in HCC [10].

CXCL12/CXCR 4

C-X-C chemokine receptor type 4 (CXCR4) interacts
with its ligand CXCL12 (also known as stromal-derived
factor 1 alpha, SDF-1a) to promote cellular migration,
angiogenesis, tumor growth, and metastasis in HCC [44,
45]. Immunohistochemical (IHC) staining has revealed
the presence of CXCR4 in HCC tissues, but not in nor-
mal liver tissues. CXCR4 levels are particularly elevated
at the tumor border and in perivascular areas, which are
indicative of invasive behavior [46].

The increased expression of CXCR4 in HCC cells can
lead to enhanced matrix stiffness and the promotion of
epithelial-to-mesenchymal transition (EMT), further
driving cell proliferation [44]. GPC-3 indirectly modu-
lates the CXCL12/CXCR4 signaling pathway by inhibit-
ing CD26, a proteolytic enzyme responsible for degrading
CXCL12 [20]. Moreover, CXCR4 enhances cancer cell
migration through interactions with transforming growth
factor-beta (TGF-P) and matrix metalloproteinases
(MMPs) [46]. GPC-3 positively influences TGF-J signal-
ing and EMT [10], thereby potentially amplifying CXCR4
activity.

Bax/Bcl-2

GPC-3 plays an important role in carcinogenesis by
enhancing resistance to apoptosis. Since avoiding apop-
tosis and maintaining cell proliferation is a primary
strategy employed by cancer cells, GPC-3 promotes this
process by disrupting the Bax/Bcl-2/cytochrome c/cas-
pase-3 signaling pathway. Bax is a pro-apoptotic pro-
tein homologous to Bcl-2, and it induces the release of
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cytochrome ¢, which activates caspase enzymes. There-
fore, the Bax/Bcl-2 ratio is critical in regulating cell
apoptosis. In HepG2 cells, silencing GPC-3 using RNA
interference (RNAi) led to an upregulation of the Bax/
Bcl-2 ratio, resulting in the release of cytochrome c from
mitochondria into the cytoplasm, sequential activation
of caspase-3, and ultimately, cell death. These findings
suggest that overexpression of GPC-3 in HCC cells dis-
rupts the Bax/Bcl-2 signaling pathway, thereby increasing
resistance to apoptosis [47].

Sulfatase 2 (SULF 2)

SULF-2, a heparan-degrading endosulfatase [48], has a
malignant impact on HCC by upregulating FGF signal-
ing and GPC-3 expression [49], along with promoting an
anti-apoptotic effect via activation of the PI3K/Akt sign-
aling pathway [50]. An immunohistochemical analysis
of 30 HCC patients was conducted to assess cell prolif-
eration and apoptosis rates. The tumors were categorized
into two subclasses: subclass A (poor prognosis) and sub-
class B (favorable prognosis), corresponding to high and
low SULF-2 expression, respectively. HCCs with high
SULF-2 expression showed increased proliferation and
reduced apoptosis [51].

Elevated SULF-2 expression was associated with
increased Erk and Akt phosphorylation, accompanied by
a proportional increase in phosphorylation of the anti-
apoptotic Akt substrate GSK-3B. Additionally, SULF-2
upregulated the expression of the anti-apoptotic mol-
ecule Bcl-2, further diminishing apoptotic activity [51].
GPC-3 may enhance this effect by also increasing Bcl-2
expression, thereby preventing the release of proteo-
lytic enzymes and caspases [47]. Through its 6-O-desul-
fatase activity on the GPC-3 heparan sulfate side chains,
SULEF-2 releases stored Wnt and other heparin-binding
growth factors, such as FGF and HGF, from their binding
sites on GPC-3 [50]. As a result, the associated signaling
pathways mediated by their receptors are activated [6].
Altogether, these findings suggest that SULF-2 exerts an
oncogenic effect in HCC, in contrast to the tumor sup-
pressor-like role of SULF-1 [51], [56].

Signal transduction pathways regulated by GPC-3
Multiple signalling networks orchestrate the develop-
ment of HCC and among these, the signalling mecha-
nisms activated by Glypican 3 have emerged as key
players (Fig. 2) (Table 3).

Whnt signaling

GPC-3 enhances HCC cell proliferation both in vitro and
in vivo by promoting autocrine/paracrine canonical Wnt
signaling [20]. Approximately 95% of HCC cases exhibit
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Fig. 2 Schematic diagram of signal transduction pathways regulated by GPC-3 in HCC: GPC-3 serves as a co-receptor to attract Wnt, IGF-1&2
and growth factors such as HGF, FGF-2 and TGF to corresponding receptors namely FZD, IGF-1R, FGFR, TGFR on the cell surface and activate
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together exhibit a positive correlation in HCC. GPC-3 Glypican-3, HCC hepatocellular carcinoma, IGF-

growth factor-2, IGF-1R insulin-like growth factor-1

1 insulin-like growth factor-1, IGF-2 insulin-like

receptor, Grb10 growth factor receptor-bound protein 10, £ZD frizzled, HGF hepatocyte growth

factor, MET mesenchymal epithelial transition factor, FGF-2 fibroblast growth factor -2, FGF-R - fibroblast growth factor receptor, TGF-2 transforming
growth factor-B2, TGF-R transforming growth factor-receptor, YAP Yes-associated protein

Wnt/B-catenin dysregulation [48]. In the canonical path-
way, Wnt binds to frizzled (FZD) receptors and low-
density lipoprotein receptor-related protein 5/6 (LRP5/6)
co-receptors, leading to B-catenin accumulation in the
cytoplasm, followed by its translocation into the nucleus,
where it activates target genes like cyclin D1, which con-
trols cell division. In the absence of Wnt, B-catenin is
degraded by the destruction complex and proteasomes,
preventing its nuclear translocation and possibly induc-
ing apoptosis [53, 57]. To date, 19 Wnt ligands and 10
frizzled receptors have been identified in humans [48].
Although GPC-3 lacks a cytoplasmic domain to directly
transduce signaling, it interacts with Wnt at the cell
membrane, increasing Wnt concentration at receptor
sites and lowering the activation threshold [8, 11]. Co-
immunoprecipitation and cell-binding assays have dem-
onstrated GPC-3’s ability to bind Wnt, underscoring its
potential to facilitate Wnt-receptor interactions [15]. Ini-
tially, it was believed that heparan sulfate chains (HSC)
mediated Wnt-GPC-3 binding, but subsequent studies
suggest that the GPC-3 core protein itself engages in Wnt
binding [48]. When FZD receptors cluster, and the Wnt/

GPC-3/FZD complex forms, GPC-3 may stabilize Wnt
and FZD through its HS chains [48].

Both the GPC-3 core protein and its HSCs promote
Wnt binding and activation, acting as extracellular co-
receptors. The progression of HCC can be correlated
with GPC-3 and FZD receptor levels. Healthy liver tis-
sue typically shows low concentrations of both GPC-3
and FZD, whereas advanced HCC exhibits high levels
of both. High GPC-3 and low FZD levels are indicative
of early-stage HCC [48]. A recent structural model by
Li et al. (2019) revealed that GPC-3 contains a frizzled-
like cysteine-rich domain (CRD), forming a Wnt-binding
groove in the N-lobe of GPC-3. The middle region of
Wnt3a interacts with this groove, and mutations to this
region result in decreased Wnt binding and reduced
HCC tumor growth in mice [8]. Importantly, GPC-3
must remain membrane-bound to activate Wnt signaling
[20]. Once GPC-3 is secreted into the extracellular envi-
ronment, it can sequester Wnt from the cell surface, with
soluble GPC-3 (sGPC-3) inhibiting Wnt-mediated HCC
cell proliferation [29].
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YAP signalling

The Hippo pathway functions as a tumor suppressor in
the liver and is predominantly inactivated in the hepatic
stem cell (HS) subtype during hepatocarcinogenesis [58].
One of its downstream effectors, Yes-associated protein
(YAP), is activated in liver tumorigenesis and is over-
expressed in HCC, contributing to the progression of
the disease [59, 60]. GPC-3 is a target gene of YAP, and
their expressions are positively correlated, with higher
YAP activation corresponding to increased GPC-3 lev-
els [61]. In cell culture, reducing GPC-3 expression
results in decreased YAP signaling. HCC cell prolifera-
tion can be inhibited by a human monoclonal antibody
(HN3), which targets a conformational epitope in GPC-
3, blocking YAP signaling. Moreover, tumor-infiltrating
type II (M2) macrophages promote carcinogenesis by
suppressing immune clearance, enhancing proliferation,
and increasing angiogenesis. YAP plays a key role in their
recruitment [62]. There appears to be potential crosstalk
between GPC-3, YAP, and M2 macrophages in promot-
ing hepatocellular carcinoma progression.

Growth factor signalling

GPC-3 has been shown to link with growth factors via
its HS chains, resulting in cell growth stimulation [63].
Include GPC-3 interaction with growth factors, including
FGF, IGF, and receptors.

i. IGF

By expressing Myc and Aktl in the liver, IGF/IGF-1R
signaling controls cell growth, survival, mobility, and pro-
tein synthesis while limiting apoptosis, thereby promot-
ing tumor cell invasion and metastasis. IGF-2 expression
is upregulated in HCC patients, where it binds to IGF-1R,
further stimulating cancer cell proliferation [64]. GPC-3
interacts with IGF-2 and IGF-1R through its N-terminal
domain, leading to ERK phosphorylation, c-Myc expres-
sion, and enhanced oncogenicity. Additionally, GPC-3
inhibits IGF-1R ubiquitination and degradation, likely
by binding to and sequestering growth factor receptor-
bound protein 10 (Grb10), a mediator of ligand-induced
receptor ubiquitination. This mechanism prolongs IGF-
1R signaling, further promoting tumor growth and sur-
vival [65].

ii. HGF and c-Met

Hepatocyte growth factor (HGF) and its high-affin-
ity receptor, mesenchymal-epithelial transition factor
(c-Met), are key players in the initiation, proliferation,
invasion, and metastasis of HCC. GPC-3, through its
interaction with the HGF/c-Met pathway mediated by its
heparan sulfate chains, has been implicated in promoting
HCC cell migration and motility. Inhibition of GPC-3’s
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heparan sulfate chains using a human monoclonal anti-
body targeting GPC-3 was shown to block c-Met activa-
tion in HGF-treated HCC cells, reducing cell migration
and the formation of 3D-cultured spheroids [66].

iii. FGF

The fibroblast growth factor (FGF)/fibroblast growth
factor receptor (FGFR) pathway is increasingly recog-
nized for its role in the carcinogenesis of HCC. Over-
expression of at least one FGF and/or FGFR, which are
involved in oncogenesis, cell proliferation, and neo-
angiogenesis, is found in more than 80% of HCC cases
[69]. FGF2 expression, in particular, has been detected
in HCC, and binding of FGF to its receptor activates
multiple downstream pathways, including RAS-MAPK,
PI3K-AKT, and PLCy [67]. GPC-3 interacts with FGF-2
via its heparan sulfate (HS) chains in HCC cells, acting

as a co-receptor and facilitating these signaling cascades
[68].

iv. TGF beta 2

The transforming growth factor-beta (TGF-p) signaling
pathway regulates a variety of cellular processes, includ-
ing cell growth, differentiation, migration, and apopto-
sis. TGF-P binds to its receptors, activating downstream
SMAD proteins and related complexes [69]. In addition
to their pro-apoptotic and cytoprotective roles, TGF-p
family members serve as major tumor suppressors during
the early stages of HCC [70]. Genetic studies have identi-
fied TGE-p receptor type II (TBRII) as a functional sup-
pressor in HCC formation. Inhibition of GPC-3 in HCC
cells has been shown to increase TGF-B2 levels, leading
to decreased cell proliferation, cessation of growth, and
the promotion of replicative senescence [71, 72].

Limitations

This review elucidates the multifaceted roles of GPC-3
in HCC, highlighting its significance in diagnostic, prog-
nostic, and therapeutic contexts, but several limitations
must be acknowledged. Firstly, the current understand-
ing of GPC-3’s interactions within complex signaling net-
works, such as Wnt, YAP, and growth factor pathways,
remains incomplete. The interplay between GPC-3 and
these pathways suggests a sophisticated regulatory mech-
anism that warrants further exploration to fully elucidate
its role in HCC progression and metastasis. Secondly, the
heterogeneity of HCC presents a significant challenge,
as the tumor microenvironment’s complexity can vary
widely among patients. This variability may influence
the expression and function of GPC-3, thereby affecting
the efficacy of GPC-3-targeted therapies. Consequently,
the findings from studies utilizing cell lines and animal
models may not fully translate to the clinical setting,
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underscoring the need for more personalized approaches
in evaluating GPC-3’s therapeutic potential. Although
GPC-3 has shown promise as a target for immunother-
apy, the response rates and overall effectiveness of such
treatments in HCC patients have yet to be optimized;
also the development of resistance to GPC-3-targeted
therapies and the potential for off-target effects remain
significant concerns that necessitate ongoing research
and the development of more sophisticated therapeu-
tic strategies. Additionally, the role of soluble forms of
GPC-3 (sGPC-3) in HCC progression and its implica-
tions for therapy are not fully understood. The dual
nature of GPC-3, acting both as a cell-surface co-receptor
and in a soluble form, adds another layer of complexity
to its function in HCC. This duality poses challenges in
designing therapeutic interventions that can effectively
target the relevant form of GPC-3 without inducing
adverse effects. Glypican 3 presents a promising target in
hepatocellular carcinoma management, but further stud-
ies are essential to overcome the current limitations and
these studies should aim to elucidate the intricate mecha-
nisms of GPC-3 within the tumor microenvironment,
improving the translation of preclinical findings to the
clinic and develop more effective, personalized therapeu-
tic strategies for HCC patients.

Current and future perspectives

In the present review, it has been discussed the promis-
ing candidate, GPC-3 and its multilateral roles in HCC.
Even though there remains much to be discovered
about the mechanism involved in the GPC-3 function
in HCC, its association with some molecular pathways
is now evident. Studies point out how GPC-3 modu-
lates the various cell signalling pathways and its reason
for re-expression during HCC to be more explored in
detail. According to preclinical and clinical studies,
the oncofoetal antigen GPC-3 proved itself as a com-
mendable target antigen for the diagnosis, treatment
and prognosis of HCC. Even with its secretory forms,
GPC-3 also proved to be a reliable target for the same
aspects. Future works revealing the biochemistry of
serum GPC-3 will be valuable. Because of the tumor-
regressive properties elucidated by sGPC-3, the devel-
opment of molecules that facilitate the activation of
specific phospholipases for cleaving GPC-3 from the
cell surface will be a significant piece of investigation.
The elevated Glypican 3 expressions during HCC make
it an eminent diagnostic marker and correspond to a
poor patient prognosis. Estimating Glypican 3 levels
helps differentiate from benign mimickers and meta-
static neoplasm to the liver. GPC-3specific imaging
modalities provided an accurate assessment of tumor
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response aiding in the timely treatment. Being a prev-
alent molecular marker expressed very early in the
disease line and maintaining high expression during
median and advanced tumors stages enhances its thera-
peutic utility in HCC. Studies suggest that the anti-GPC
three treatments alone are insufficient to resolve HCC.
Therefore, further exploration is needed to strengthen
the data obtained to utilize GPC-3 as a combined treat-
ment strategy with anti-cancer drugs and immunother-
apeutic agents. Furthermore, it is required to find out
how GPC 3 expression should be regulated to avoid the
emergence of drug-resistant clones.
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