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ABSTRACT
◥

Glypican-3 (GPC3) is a cell-surface glycoprotein that is fre-
quently overexpressed in hepatocellular carcinoma (HCC). GPC3
undergoes extensive posttranslational modification (PTM) includ-
ing cleavage and glycosylation. This review focuses on the structure
and function of GPC3 in liver cancer, highlighting the PTM of the
tertiary and quaternary structures of GPC3 as a potential onco-
genic regulatory mechanism. We propose that the function of
GPC3 in normal development can vary with extensive PTM and

that dysregulation of these processes leads to disease. Defining the
regulatory impact of these modifications can provide a deeper
understanding of the role of GPC3 in oncogenesis, epithelial–
mesenchymal transition, and drug development. Through review
of current literature, this article provides a unique perspective on
the role of GPC3 in liver cancer, focusing on potential regulatory
mechanisms of PTM on GPC3 function at the molecular, cellular,
and disease level.

Introduction
Glypican 3 (GPC3) has been implicated as a biomarker in many

malignancies including liver cancer. Molecular overexpression occurs
almost exclusively in the context of pathogenic processes after cessation
of normal development. Furthermore, aberrant GPC3 expression is
associatedwith poorer prognosis in cancer,making it a key candidate for
molecular evaluation (1). GPC3 is one of six glypicans found in the
mammalian genome that make up a family of heparan sulfate proteo-
glycans (HSPG; ref. 2). Glypicans are anchored to the cell membrane via
a glycosyl-phosphatidyl-inositol (GPI) anchor that facilitates cell–
extracellular matrix (ECM) and cell–cell interactions (3, 4). These
proteins are structurally complex 60 to 70 kDa molecules that undergo
endoproteolytic cleavage by Furin to form a 40 kDa amino (N) terminus
and a 30 kDa carboxyl (C) terminus containing heparan sulfate (HS)-
type glycosaminoglycan (GAG) side chains (2, 5, 6). The N and C
terminus remain attached by disulfide bridges formed by 14 highly
conserved cysteine residues (7, 8). Ultimately, glypicans can dissociate
from the cell surface after cleavage of the GPI anchor by Notum (2, 3).

In normal human development, GPC3 is expressed in fetal tissue
in a stage- and tissue-specific manner with higher mRNA levels
found in lung, liver, kidney, and placenta while absent in most adult
tissue (3, 9–11). Furthermore, studies inDrosophila, Xenopus, zebra-
fish, andmammals have shown that GPC3modulates embryogenesis
by interacting with cell signaling pathways includingWnt, Hedgehog
(HH), bone morphogenetic proteins (BMP), and FGF (9, 12–16).
Nonpathologic expression of GPC3 occurs in adult liver after partial
hepatectomy to trigger parenchymal regeneration via the HH sig-
naling pathway (17, 18).

Investigation of Simpson-Golabi-Behmel syndrome (SGBS) fur-
ther clarified GPC3’s role in development and disease. SGBS is an
X-linked overgrowth disorder caused by mutations in GPC3 (19–21).
The mechanism leading to overgrowth remains unclear; however,
there are more than 86 distinct GPC3 gene mutations that cause
SGBS (22, 23). The majority are deletions or truncating mutations
(frameshift, nonsense mutations) resulting in loss of function of
GPC3 protein. Studies performed in constitutive GPC3 knockout
(KO) mice have resulted in similar phenotypes and demonstrate
increased cell number due to increased proliferation or reduced
apoptosis (24–27). There are two described missense mutations
resulting in functional GPC3, one within the furin cleavage site
leading to convertase resistance and another in exon 8, resulting in
truncated protein with loss of the signal sequence for HS attachment
and GPI anchorage (22). Investigation of these mutations lead to
functional, but altered, GPC3, and their phenotypic consequences
will continue to advance our understanding of GPC3.

GPC3’s association with cancer was first discovered in pediatric
embryonal tumors, including Wilms’ tumor, hepatoblastoma, and
yolk sac tumor. Subsequently, aberrant expression of GPC3 has been
implicated in the pathogenesis of additional cancers including hepa-
tocellular carcinoma (HCC), ovarian carcinoma, breast carcinoma,
squamous cell lung carcinoma, melanoma, and colorectal adenocar-
cinoma (Fig. 1; refs. 28–31).

In this review, we highlight the importance of GPC3 structure on
function in liver cancer aswell as the diverse role of this protein in other
cancers. We focus on specific structural modifications of GPC3 and
proposed regulatory function of cleavage and glycosylation, including
their impact on molecular signaling and phenotypic changes seen in
GPC3-relatedmalignancy.We hypothesize that GPC3’s role in normal
development can vary with extensive posttranslational modification
(PTM), and that dysregulation of these processes leads to disease.
Therefore, mitigation of GPC3 modification in an organ- or cancer-
specific manner could be an important molecular target for treatment.
We explore cell signaling, cleavage, side chains, anchored, and soluble
GPC3 to understand the numerous protein modifications that may
impact oncogenesis.

GPC3 and Cell Signaling Pathways
GPC3 interacts with and modulates numerous cell signaling path-

ways. GPC3 interacts with canonical and noncanonical Wnt-signaling
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pathways in normal development and disease (3). Canonically, Wnt
binds two coreceptors, frizzed (FZD) and low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) and transduces an intracellular
signal to prevent b-catenin destruction (3). Ultimately, Wnt regulates
cell differentiation, proliferation, and migration (32). b-catenin loca-
lizes within cytoplasm of hepatocytes and maintains adherens junc-
tions (3, 33). b-catenin dysregulation results in cytoplasmic accumu-
lation and eventual nuclear translocation that ultimately may lead to
liver disease and cancer (34). In HCC, GPC3 promotes canonical Wnt
signaling (1) via direct binding to Wnt3a and (2) indirectly via
increased ligand binding to FZD receptor in HCC cell lines including
Hep3B, ultimately leading to dysregulated cell proliferation (3, 35, 36).
In hepatoblastoma, the most common pediatric liver malignancy,
CTNNB1 is the most commonly mutated gene resulting in stabilized
b-catenin (37, 38). Coexpression of GPC3 and b-catenin suggests a

more direct role of these proteins in hepatoblastoma development,
regardless, this interaction results in increased cell proliferation (34).

In contrast to the oncogenic role of GPC3 overexpression in liver
cancer, loss of GPC3 function drives oncogenesis of breast cancer (39).
In this tumor, GPC3’s interaction with canonical Wnt regulates cell–
cell adhesion and cytoskeletal changes (40). Loss of GPC3 results in
increased migration in breast cancer cell lines. There are several
differences in GPC3 expression in breast tissue compared with other
adult tissues, including evidence of expression at low levels in healthy
adults (41, 42). Using the MCF-7 cell line, investigators demonstrated
that interaction of GPC3 with the Wnt signaling pathway occurs
through Wnt5a binding to GPC3’s HS chains, which has not been
demonstrated in liver cancer (43). Therefore, a thorough understand-
ing of unique GPC3 protein structures and modifications should be
considered in individual cancer types that may provide insight into

Figure 1.

Schematic representing GPC3 structural and functional role in disease. (Created with BioRender.com.)
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cancer-specificmechanisms and ultimately howGPC3may ormaynot
be therapeutically targeted.

HH interaction with GPC3 has also been implicated in onco-
genesis (44). In normal development, the HH signaling pathway has
a well-established role in embryogenesis (2). The Gli family of
transcription factors are downstream of HH and regulate expression
of cell-type–specific genes that control proliferation, migration, and
differentiation (45). Wang and colleagues proposed that GPC3
promotes liver cancer via the HH pathway after in vitro analysis
of HepG2 cells (46). GPC3 also acts as a competitive inhibitor of
HH and by reducing Patched (Ptc) binding, regulates embryonic
growth (2, 13, 17, 47). GPC3 also binds to sonic hedgehog (Shh)
with high affinity (48). In addition, several groups demonstrated
that the GPC3-HH complex undergoes endocytosis either by cla-
thrin or LRP1-mediated endocytosis, resulting in reduced receptor
and ligand for Ptc signaling (49). Taken together, it is possible that
GPC3 plays a role in HH inhibition allowing cellular proliferation.
Studies suggest this inhibitory action occurs via HS side chains as well as
convertase cleavage, but more mechanistic study is required to dissect
the precise pathways and mechanisms involved in carcinogenesis (50).

Recent advances in the understanding of HCC pathogenesis indi-
cate that the Hippo-YAP pathway protects the liver from overgrowth
and HCC development (51). This pathway has been implicated in the
regulation of contact inhibition, organ size, and tumorigenesis, medi-
ated through control of expression or localization of YAP (52). The
oncogene YAP, a downstream effector, can be inactivated by phos-
phorylation; elevated YAP protein levels are strongly associated with
HCC as well as deregulation of the Hippo pathway. In addition, single-
cell RNAsequencing (RNA-seq) data for patientswith hepatoblastoma
samples shows upregulation of YAP in a tumor cluster with features
resembling a potential cancer stem cell (53). Knockdown of GPC3
in Huh7 cells, an HCC cell line, resulted in reduced cell proliferation
with YAP downregulation (54, 55). The exact mechanism by which
GPC3 interacts with the Hippo/YAP pathway requires further inves-
tigation; however, there is support for cross-talk regulating cell pro-
liferation in HCC. In addition, an antibody-targeting core GPC3
caused cell-cycle arrest and resulted in elevated levels of phosphor-
ylated YAP. However, this antibody-mediated cell-cycle arrest was
reversed by YAP overexpression (34). There is an overall lack of
knowledge as to how YAP is regulated by GPC3 interactions, but the
literature suggests it may occur through downstream activation from
Wnt/GPC3 interactions or cross-talk with other pathways (3).

The insulin-like growth factor (IGF) signaling pathway is an
additional growth-regulatory pathway that may interact with GPC3
in development, disease, and cancer (40). The IGF signaling pathway
regulates cell proliferation, cell-cycle progression, prevention of apo-
ptosis, and has been implicated in the transformation of cells to
malignancy (56). In embryonal tumors, differential gene expression
and correlation of GPC3 and IGF2 were evaluated. SGBS and Beck-
with–Wiedemann syndrome (BWS) are similar overgrowth syn-
dromes, with BWS resulting from overexpressed IGF2 via direct or
indirect interaction with GPC3 (57). In HCC, studies performed in
NIH3T3 cells overexpressing GPC3 or GPC3 knockdown demon-
strated that GPC3 confers oncogenicity through interaction with
IGF2/IGF2R, resulting in activation of the IGF-signaling pathway (56).
Convertase-resistant RR-AA GPC3 was evaluated and it was found
that convertase is required for optimal interaction with IGF2 (56). In
ovarian clear cell carcinoma (CCC), GPC3 was found to interact with
IGF2 and IGF-IR. Using a knockdown GPC3 cell line, investigators
observed increased proliferation and concluded that GPC3 suppresses
cell growth in ovarian CCC (58).

Other growth factors involved in normal development and activated
by GPC3 include FGFs and BMPs (59). In HCC, GPC3 modulates
proliferation through FGF2 binding in vivo and enhanced expression
of GPC3 can inhibit BMP7 signaling (60). Given that many FGFs are
reportedly upregulated in liver cancer it is crucial to understand how
these growth factors interact to drive cell growth and carcinogene-
sis (61). Like other signaling pathways discussed above, specific
structural features of GPC3 may mediate interaction with FGF and
BMP and subsequent tumor proliferation. Overall, while evidence
exists that GPC3 PTM can drive oncogenesis via misregulation of the
above pathways, these PTMs are likely malignancy- and pathway-
specific, and subsequent pathway cross-talk may also occur.

Complexity of GPC3
Glypicans have highly conserved core structures but undergo

significant PTM including cleavage, addition of HS side chains, and
linkage to the cell membrane by a GPI anchor (Fig. 2). Understanding
the importance and impact of each of these processes can lead to
further understanding of GPC3’s role in oncogenesis, epithelial–
mesenchymal transition (EMT), and therapeutic targeting.

Furin cleavage
In 2003, De Cat and colleagues demonstrated endoproteolytic

cleavage of GPC3 in Madin-Darby canine kidney (MDCK) cells, a
mammalian cell line and observed a 40 kDa, N-terminal fragment in
addition to the known 70 kDa band corresponding to full-length
GPC3 (5, 44). Processing of proteins from a larger precursor to an
active form is well-established in molecular biology. Furin, a propro-
tein convertase, was the first discovered in its family and is found
almost universally in mammalian cells, with numerous cleavage
substrates in addition to GPC3, including matrix metalloproteinases
(MMP), growth factors, receptors, and adhesion molecules (62, 63).
Confirmation of cleavage by furin resulted in further understanding of
the structure of GPC3. The C terminus contains a GPI anchor, HS
attachment sites and a possible N-glycosylation site while the N
terminus contains a cell surface signaling peptide and two additional
N-glycosylation sites (5).

To answer whether furin processing was required for normal
development, De Cat and colleagues evaluated GPC3 in zebrafish
embryogenesis and generated a mutant, cleavage-resistant GPC3 (5).
Inhibiting GPC3 cleavage blocked normal function including cell
movement during gastrulation. They concluded that the aberrant
development was related to altered interaction of GPC3with canonical
and noncanonical Wnt signaling (5). In breast and ovarian cell lines,
processing by convertases was required for interaction with canonical
Wnt1 ligand (5). Importantly, GPC3 transport to the cell-surface and
subsequent glycosylation is independent of cleavage by furin (5, 64, 65).
In contrast to De Cat and colleagues, Capurro and colleagues utilizing
liver cancer cell lines (PLC/PRF/5), human lung fibroblasts (HLF), and
human embryonic kidney (HEK) cells (293T), demonstrated that
convertase processing is not required for interaction of GPC3 with
Wnt7b and Wnt3a or potentiation of canonical Wnt-signaling (48).
This group demonstrated that processing by convertase is required for
inhibition of HH signaling by GPC3 through interaction with HS side
chains and not the core GPC3 protein (66). In our lab, we investigated
the effect of furin inhibition on cell proliferation andmigration in liver
cancer cell lines. Using a competitive furin inhibitor, we were able to
reduce the cleaved GPC3 products and show reduced proliferation
with increased cell migration (67). Ultimately, studies have concluded
that cleavage of GPC3 is partial and dispensable to GPC3 interaction

Mechanisms of Glypican-3 in Liver Cancer

AACRJournals.org Cancer Res; 83(12) June 15, 2023 1935



with Wnt and HH signaling pathways, promoting cell proliferation,
and inhibiting apoptosis.We speculate that conformational changes of
cleavage result in reduced binding of HS chains thereby disrupting
interaction of GPC3 with cell signaling pathways that depend on the
presence of these additional PTM. In terms of additional signaling
pathways, cleavage does not appear necessary for BMP signaling, with
further studies needed to evaluate cleavage in FGF and YAP signaling
pathways (68).

HS side chains
As a HSPG, GPC3 contains a core protein with two HS insertion

sites (S495 and S509) located on the C terminus. HS side chains
mediate the majority of known biological functions of proteoglycans
and facilitate interactions with the ECM, growth factors, and chemo-
kines that influence cell growth, differentiation, and ultimately tumor-
igenicity (69, 70). The tools to evaluate the functional impact of
modified HS side chains are still developing; however, the degree and
pattern of sulfation impacts interaction and function of HS side
chains (71).

To address this issue, Liu and colleagues developed a unique
approach to interrogate the functional impact of modifying GAG in

GPC3 (72). This group generated a soluble GPC3 model with mod-
ifiable HS side chains to explore effects of soluble and membrane-
bound GPC3 with and without HS side chains on the HH signaling
pathway (72). They found that GAG modification was required for
membrane bound GPC3 to inhibit HH signaling while GPC3 without
GAG had no impact. Furthermore, it is known that GPC3 core protein
can interact with Wnt independent of HS chains (73, 74). Thus,
another group evaluated the impact of modifying HS side chains on
Wnt and HH signaling. They found that stimulation of Wnt signaling
was proportional to the length of the attached HS side chain, and
similar results were seen with the inhibitory effect of GPC3 on HH
signaling (75).

In HCC cell lines, a mAb, HS20 that targets HS side chains of GPC3
blocked HCC tumor growth through Wnt3a-dependent mechanisms.
Gao and colleagues determined that HS20 interaction with HS side
chains is influenced by the pattern of sulfation. For instance, HS20
binding is dependent on 2-O and 6-O sulfation, with enhanced binding
of Wnt and HS20 observed with 3-O sulfation (76). Further studies
demonstrated that HS20 reduced cell migration and motility that
reinforced data from GPC3 knockdown cells, suggesting that HS
chains of GPC3 could mediate HCC cell migration and motility (77).

Figure 2.

Functional roles of PTM of GPC3. (Created with BioRender.com.)
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Wang and colleagues explored the role of side chains onGPC3 to better
define the role including interactions with frizzled, Wnt, and HH, but
still more exploration is needed to define precise mechanisms. These
studies highlight the functional importance ofHS side chains onGPC3
and how modification of GAG can affect ligand affinity and down-
stream protein function.

GPI anchor and soluble GPC3
GPC3 localizes to the cell surface and is attached by a GPI anchor.

GPC3 can be cleaved or removed from the cell surface either by
endocytosis similar to other GPI-anchored proteins or cleavage by
notum, a phospholipase (78, 79). Capurro and colleagues generated a
mutant GPC3 that lacked a GPI anchor to further evaluate the
interaction between GPC3 and Wnt. This soluble GPC3 (sGPC3) did
not stimulate canonical Wnt activity or result in increased cell
proliferation (44). In addition, sGPC3 protein is reported to inhibit
HCC cell growth (55).

To further understand themechanism of reduced proliferation with
sGPC3, Capurro and colleagues treated several differentHCC cell lines
with sGPC3 using lentiviral transduction (73). They observed reduced
proliferation of all cell types in both treatment arms, with cell-specific
mechanisms including apoptosis, cell-cycle arrest and reduced pro-
liferation in individual cell lines. They found increased apoptosis in
Hep3B and HLE. sGPC3 treatment in Huh6, Huh7, and Li7 caused
cell-cycle arrest. HepG2 cells underwent apoptosis and reduced pro-
liferation of viable cells. HLF cells underwent apoptosis and cell-cycle
arrest. Further studies are needed to evaluate the impact of sGPC3 on
specific signaling pathways in other cancers, but taken together, sGPC3
appears to have an inhibitory function in contrast to the membrane-
bound form.

GPC3 in Liver Cancer
We have discussed the role of GPC3 on cell signaling pathways

demonstrating the structural, functional, and molecular implications.
Hsu. and colleagues first reported GPC3 overexpression in liver
cancers in 1997, focusing on overexpression of mRNA in HCC. These
authors also found overexpression in one of two human specimens of
hepatoblastoma (80). Studies have confirmed overexpression of GPC3
in HCC at the transcriptomic and protein level when compared with
normal liver andnonmalignant liver lesions and clinically, pathologists
currently utilize GPC3 IHC expression as a histologic marker (81, 82).
In addition, soluble GPC3 is used as a serum marker for HCC with
elevated levels in patients with HCC but undetectable in healthy
patients and those with hepatitis (82–84). GPC3 overexpression is
associated with undifferentiated, proliferating malignant hepatic cells,
more aggressive HCC, poor prognosis, and overall survival (OS;
refs. 55, 85). Shirakawa and colleagues found significantly lower 5-year
survival in GPC3-positive patients with HCC compared with GPC3-
negative patients (54.5% vs. 87.7%) with multivariate analysis as an
independent prognostic factor for OS (86).

GPC3 acts as an oncofetal protein in HCC and hepatoblastoma.
There is also evidence of GPC3 overexpression promoting cell
migration and metastasis (87). In HCC, Wu and colleagues demon-
strated a positive correlation between GPC3 expression in HCC
samples with presence of metastatic disease in support of a role
for GPC3 in migration and metastasis. In addition, these samples
demonstrated an EMT phenotype with increased expression of
mesenchymal markers and downregulation of epithelial cell markers.
In vitro studies have shown that GPC3 contributes to EMT through
Wnt or extracellular signal-regulated kinase (ERK) pathways, although

the specific mechanism is likely organ and cancer specific (88).
Another group evaluated motility in similar cell lines, including
HepG2, a hepatoblastoma-derived cell line, and found reduced cell
migration in GPC3 knockdown cells compared with normal con-
trols (77). Although the precisemechanism by whichGPC3 promotes
EMT and subsequentmigration andmetastasis in cancer is unknown,
there is sufficient evidence for further investigation, but given the
complexity of the structure, function, and signaling, definition of
cancer-specific mechanisms is necessary.

GPC3-Targeted Therapy
Interest in GPC3-based therapeutics began in the early 2000s and

capitalized on the overexpression of GPC3 in cancer by creating
targeted therapies (89). Since that time, numerous treatment
approaches utilizing GPC3 have been developed including vaccines,
mAbs, antibody–drug conjugates (ADC), bispecific antibodies, CTL,
and chimeric antigen receptors (90–92). Of note, most current agents
have an immunotherapeutic mechanism mediated through targeting
of overexpressed GPC3, rather than targeting GPC3 function alone.

Current preclinical studies have utilized the protein structural
components or modifications of GPC3 to design targeted antibodies.
The C terminus and HS chains are commonly used to generate
antibodies, but whole protein and bispecific approaches have also
been reported (93). Gao and colleagues developed three different
immunotoxins with alternate GPC3-binding sites to evaluate efficacy
and toxicity of each potential site. YP7 recognizes the C terminus,
similar to the binding site for the hGC33 mAb. Human mAb VH
domain (HN3) targets a conformational epitope in GPC3 that inhibits
YAP signaling and the human antibodyHS20 recognizes HS chains on
GPC3 blocking downstream Wnt signaling. These antibodies were
conjugated with Pseudomonas exotoxin (PE38), a toxin that kills
chemoresistant cancer cells. They found that both YP7-PE38 and
NH3-PE38 were efficiently delivered to cells and capable of inducing
cell death, concluding immunotoxin therapy can improve treatment of
GPC3-positive tumors where antibody-targeted therapies have not
shown significant tumor reduction (55, 94).

Codrituzumab (GC33) is a mAb targeting the C terminus of GPC3
that causes cell death by antibody-dependent cell cytotoxicity (95). It
has undergone phase I and II clinical trials in HCC, and although well
tolerated, failed to show therapeutic benefits (96). This drug is
currently in phase I trials for management of pediatric solid tumors,
including hepatoblastoma and is well tolerated with minimal toxic-
ity (97). There is also a currently open phase I study of codrituzumab in
children and young adults with recurrent or persistent solid tumors
that has been open since June 2021 (NCT 04928677).

Targeting GPC3 alone will likely not be sufficient to induce tumor
death (98). This issue can be overcome by utilizing GPC3 in combi-
nation with other chemotherapies or alternative therapies. With any
immune-modulating drug, it is critical to design a drug thatmitigates a
robust, inappropriate immune response to minimize side effects.
Finally, optimization of the drug-delivery construct to ensure optimal
absorbance by the tumor is essential. Although GPC3-targeted treat-
ments have shown modest survival benefits there are still numerous
therapeutic approaches that take advantage of the overexpression of
GPC3 in tumors.

Conclusions
GPC3 is a complex protein with amultifaceted role in liver cancer as

well as many other cancer types with dysregulation contributing to
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aberrant proliferation, differentiation, adhesion, and migration. The
PTM of GPC3 differentially regulates interactions with several cell
signaling pathways. This review defines a knowledge gap in the
evaluation of oncogenic pathways affected by PTM of GPC3, with
significant literature on the impact ofWnt andHH signaling pathways
but limited understanding in alternative pathways.

The field of GPC3 in cancer requiresmore extensive investigation of
structural biology as much of the current work focuses on molecular
approaches that have not yet effectively refined the functionalmechan-
isms of this complex protein. GPC3 has profound cancer specificity
and is a focus of targeted and immunotherapeutic treatments, but to
date these therapies do not wholly kill cancer cells leaving the potential
for adaptation and drug resistance. Disparate results are seen in a
cancer- and tissue-specific manner further defining the complexity of
GPC3. Future exploration of tissue-specific GPC3 function is needed
to define precise GPC3 cancer pathogenesis.

An expanded knowledge of the PTMs of GPC3 as well as the
functional interactions and downstream effectors are essential to
understanding the role of GPC3 in organ specific carcinogenesis. The
utilization of GPC3 as a therapeutic target requires insight into the role

each protein structure plays as well as the spatial arrangement and
interaction with other proteins in each cancer environment. Overall,
GPC3 has been identified as a key player in cancer development, but to
further utilize this knowledge to improve patient care, extensive
research is still needed to understand structural complexity, modifi-
cation, interaction, and pathway regulation. GPC3 has a diverse role in
development and cancer with regulation through many cell signaling
pathways. Rigorous exploration of the mechanism and functional role
are essential to future work.
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