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Abstract

Hepatocellular carcinoma (HCC) is a malignant tumor with a fairly poor prognosis (5-year
survival of less than 50%). Using sorafenib, the only food and drug administration (FDA)-
approved drug, HCC cannot be effectively treated; it can only be controlled at most for a couple of
months. There is a great need to develop efficacious treatment against this debilitating disease.
Glypican-3 (GPC3), a member of the glypican family that attaches to the cell surface by a
glycosylphosphatidylinositol anchor, is overexpressed in HCC cases and is elevated in the serum
of a large proportion of patients with HCC. GPC3 expression contributes to HCC growth and
metastasis. Furthermore, several different types of antibodies targeting GPC3 have been
developed. The aim of this review is to summarize the current literatures on the GPC3 expression
in human HCC, molecular mechanisms of GPC3 regulation and antibodies targeting GPC3.
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1. Introduction

Liver cancer is the fourth most common malignancy worldwide and was the ninth leading
cause of cancer death in 2017.1:2 The most common form of primary liver cancer is
hepatocellular carcinoma (HCC). Viral hepatitis such as hepatitis C virus (HCV) or hepatitis
B virus (HBV) and alcohol hepatitis/cirrhosis account for the majority of HCC cases.
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Incidence of non-alcoholic fatty liver disease (NAFLD) is rising and has also been
associated with the development of HCC. Most HCC patients with symptoms present an
advanced stage at diagnosis and surgery is the main treatment.3 Unfortunately, the outcomes
are usually poor due to cancer metastasis and tumor recurrence after surgery. Multi-kinase
inhibitors have been used to treat HCC.3 However, HCC can only be controlled, at most, for
a couple of months. Thus, there is an urgent demand for early diagnosis and the development
of an effective treatment for this debilitating disease. In recent years, studies have shown that
glypican-3 (GPC3) is specifically expressed in HCC and its expression is associated with
poor prognosis, revealing that GPC3 is a critical molecular target in HCC and potentially can
be a therapeutic target for HCC treatment.

2. GPC3 expression and biological functions in HCC

2.1. GPC3 molecular structures

GPC3, a 70 kDa protein, is encoded by the gene GPC3located on the X chromosome
(Xg26.2) and consists of 11 exons.*® GPC3 is a member of the glypican family, which has a
basic structure consisting of a core protein and a heparan sulfate chain, and binds to the cell
membrane via a glycosylphosphatidylinositol (GPI) anchor.6.”7 GPC3 has a cleavage site
between Arg358 and Ser359 for Furin protease (Fig. 1). Cleavage by furin results in a 40-
kDa N-terminal subunit and a 30-kDa C-terminal subunit. These two subunits can be linked
by a disulfide bond. Two heparan sulfate side chains occur near the C-terminal of GPC3
(Ser495 and Ser509). Ser560 of GPC3 inserts into the lipid bilayer and anchors the protein
to the bilayer by phosphatidylinositol.8 In addition, GPC3 can be released from the cell
surface to the extracellular environment after cleavage by Notum, an extracellular lipase that
releases GPC3 by cleaving the GPI anchor.10

2.2. Biological functions of GPC3

GPC3 can both negatively and positively regulate cell growth depending on the cell type.
GPC3 is highly expressed in mesodermal embryonic tissues. Deletion of the GPC3 gene is
involved in the pathogenesis of Simpson-Golabi-Behmel overgrowth syndrome.11:12 |n
addition, Pellegrini et a/13 showed that the interaction of GPC3 with IGF2 can reduce IGF2-
mediated growth /n7 vivo. This evidence indicates that GPC3 negatively regulates embryonic
and fetal development. In addition, GPC3 is a negative transcriptional regulator and tumor
suppressor that inhibits the growth of breast, ovary, and lung cancer cells.14-17

On the other hand, GPC3 is highly expressed in 70-100% of HCCs.18 GPC3 interacts with
Wht to facilitate Wnt/Frizzled binding for HCC growth.19:20 Knocking down the expression
of GPC3 in cell culture reduces Yap signaling.2! Interestingly, soluble GPC3 proteins
(GPC3DGPI) act in a dominantly negative form, competing with endogenous GPC3 to
inhibit HCC cell growth likely by neutralizing GPC3 binding molecules.?2 These studies
revealed the proliferative effect of GPC3 in HCC.

2.3. GPC3 expression in HCC tissue

A study by Hsu et a/18 in 1997 showed that MXR7 mRNA, later renamed GPC3, was
detected in 143 of 191 (74.8%) HCC tissues. In Zhu et a/.’s study,23 northern blot analysis
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indicated the 2.3 kb GPC3transcript was detected at high levels in 67% of cases and
moderate levels in 17% of cases. In contrast, GPC3mRNA was either low or not detected in
normal livers, focal nodular hyperplasia (FNH), and cirrhotic livers. Densitometry analysis
of northern blots indicated that HCC had 21.7-fold increases in GPC3 mRNA levels
compared with that of normal livers, and 7.2-fold and 10.8-fold higher GPC3mRNA
expression than that in FNH and liver cirrhosis specimens, respectively.

Capurro et a2 found that GPC3 protein was highly expressed in 72% (21/29) of HCCs,
whereas it was undetectable in hepatocytes isolated from either healthy livers or livers with
benign diseases. Consistent with this, Baumhoer et a/25 later confirmed the expression of
GPC3 in the liver and other organs and tissues using tissue microarray technology. The
immunohistochemical results showed that the expression of GPC3 was detected in 9.2%
(11/119) of nonneoplastic liver specimens, 16% (6/38) of preneoplastic nodular liver lesions,
and 63.6% (140/220) of HCCs.

2.4. GPC3 as aserum biomarker of HCC

Capurro et a2 found that GPC3 serum level was significantly increased in 53% (18/34) of
HCC patients, but not detectable in the serum of healthy and hepatitis patients. Chen et a/26
analyzed serum GPC3 in 1037 subjects, including 155 HCC patients, 180 with chronic
hepatitis, 124 with liver cirrhosis, 442 with non-HCC cancer, and 136 healthy people. The
ELISA results showed that the average level of serum GPC3 was 99.94 + 267.2 ng/ml in
HCC patients, which was higher than that of people who had chronic hepatitis (10.45 +
46.02 ng/ml), liver cirrhosis (19.44 + 50.88 ng/ml), non-HCC cancer (20.50 + 98.33 ng/ml),
and healthy controls (4.14 + 31.65 ng/ml). Thus, serum GPC3 is potentially a diagnostic
marker of HCC.

Qiao et al?’ determined the serum concentration of three tumor-markers, GPC3, Human-
Cervical-Cancer-Oncogene, and alpha-fetoprotein (AFP), in 189 cases (101 HCC, 40
cirrhosis, 18 hepatitis, and 30 healthy people). Each marker was evaluated for its diagnostic
value. GPC3 was the best marker with an area under the curve (AUC) of 0.892. Serum
GPC3 levels at a cutoff value of 26.8 ng/ ml had a sensitivity and specificity for HCC
diagnosis of 51.5% and 92.8%, respectively. Liu et a/28 showed that serum GPC3 levels
were higher than 300 ng/L in 50% (7/14) of HCC patients with serum AFP levels of <100

pg/L.

3. GPC3 activates HCC oncogenic pathway

Oncogenic signaling pathways identified as being involved in the development of HCC
included growth factor-related pathways such as insulin-like growth factor (IGF), epidermal
growth factor (EGF), fibroblast growth factors (FGF), hepatocyte growth factor (HGF), and
vascular endothelial growth factor (VEGF); and cell differentiation-related pathways such as
Whnt, Hedgehog and Notch signaling. Among these signaling pathways, activation of the
canonical Wnt signaling pathway is a common feature in HCC although the genetic
pathogenesis of HCC is highly heterogeneous.2%-30 Wnt signaling resulted in translocation of
beta-catenin (B-catenin) into the nucleus to form complexes with T-cell factor/lymphoid
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enhancer factor (TCF/LEF) transcription factors and activates Wnt target gene expression
(Fig. 2).31

Membrane GPC3 can interact with several growth factors, such as Wnt, Hedgehogs, bone
morphogenetic factors, and FGF to promote the binding of growth factors to their receptors.
Capurro et a/19 showed that GPC3 stimulates Wnt signaling to promote HCC growth. Co-
immunoprecipitation analysis revealed that GPC3 interacts with Wnts, and cell-binding
assays confirmed that GPC3-expressing cells were capable of binding Wnt (Fig. 2).

The binding of GPC3-Wnt was further illustrated by Li ef a/20 using structural analysis and
functional evaluation. GPC3 binds Wnt to the cell surface via cysteine-rich hydrophobic
groove in the N-lobe of GPC3 containing phenylalanine in position 41 (F41). Functional
analysis shows that a residual F41 mutation on GPC3 inhibits the activation of $-catenin /n
vitro and reduces xenograft tumor growth compared with cells expressing wild-type GPC3
in nude mice.20 Lai et a/32 reported that GPC3-mediated activation of the Wnt/B-catenin
pathway in human HCCs could be enhanced by sulfatase 2 (SULF2). In the liver, SULF2 is
an oncogenic protein that is overexpressed in 60% of HCC cell lines.33

Mechanistic studies revealed that GPC3 plays a role in the regulation of tumor
microenvironment and cancer metastasis. Gao et a/.34 showed that GPC3 was involved in
HCC cell migration and motility through heparin sulfate chain-mediated cooperation with
the HGF/Met pathway, knocking down GPC3 by using GPC3 gene-specific sh-RNA
inhibited HCC cell migration and motility. Consistent with this, Montalbano et a/3° showed
that the inhibition of GPC3 via siRNA resulted in the inhibition of cell migration and
invasion. Qi et a/38 also showed that GPC3 regulates cell invasion and migration through the
activation of epithelial-mesenchymal transition (EMT), a key tumor invasion process. Wu et
al3" further showed a clinical correlation in which elevated levels of GPC3 in HCC tumor
tissues were positively correlated to the expression of the EMT-associated proteins and
tumor vascular invasion. It was also found that GPC3 could regulate EMT of HCC cells by
activating p-ERK1/2 signaling.3’

4. Therapeutic antibodies against GPC3

Given the important role of GPC3 in HCC progression, several humanized antibodies (Ab)
against GPC3 have been developed (Table 1).21:34:38-46 GC33, a murine monoclonal Ab
specific for the C-terminal 30-kDa fragment of the human GPC3 was first produced by
Nakano er a/.38 To apply GC33 for clinical use, Nakano et a/3° generated humanized GC33
by complementarity-determining region grafting and stability optimization. In preclinical
models of HCC, humanized GC33 at 5 mg/kg i.v. weekly could induce antibody-dependent
cellular cytotoxicity against cancer cells and inhibit the growth of human GPC3-positive
HCC in xenograft mouse models.39:40

A phase | study was conducted to examine the safety, tolerability, and pharmacokinetic
characteristics of GC33 in 20 patients with advanced HCC (ClinicalTrials.gov:
NCT00746317).47 The primary objective was to determine the maximum tolerated dose of
GC33 given intravenously at weekly intervals. A maximum tolerated dose was not reached
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as there were no dose-limiting toxicities up to the highest planned dose level. Mean half-life
(4y2) was 2.94, 3.46, 5.16, and 6.47 days, and mean total clearance was 1.62, 1.14, 0.799,
and 0.784 L/days at 2.5, 5, 10, and 20 mg/kg, respectively. The most common adverse events
were fatigue (50%), constipation (35%), headache (35%), and hyponatremia (35%). NK cell
numbers in plasma were reduced following GC33 administration, but no increased incidence
of infection was observed. The study showed the well-tolerability of GC33 treatment.
However, the completed phase 1l clinical trial conducted in 185 patients (121 received GC33
and 64 placebo) indicated that GC33 did not have a clinical benefit in advanced HCC, and
its efficacy was likely promoted by the antibody-dependent cellular cytotoxicity
(ClinicalTrials.gov: NCT01507168).48:49

By immunizing mice with a GPC3 peptide (residues: 511-560), Phung et a/*! generated
high affinity (Kd = 0.3 nM) anti-GPC3 mouse monoclonal Ab YP7. YP7 is highly specific
for GPC3-expressing tumor cells and tissues and can detect low levels of GPC3 in ovarian
clear cell carcinoma and melanoma cells. Furthermore, YP7 exhibits strong antitumor
activity against HepG2 xenografts in mice. Zhang et a/*? also generated YP7 single-chain
variable fragment (scFv) and successfully humanized YP7, while retaining the antitumor
effects. Feng er a/?! further isolated HN3, a human heavy-chain variable domain antibody
by phage display. HN3 has a high affinity (Kd = 0.6 nM) for cell-surface-associated GPC3
molecules by recognizing a conformational epitope that requires both the amino and carboxy
terminal domains of GPC3. Unlike GC33 and YP7, HN3 directly inhibits proliferation of
GPC3-positive cells and inhibits the growth of HCC xenograft tumors in nude mice.
Mechanistically, HN3 induces cell cycle arrest at G1 phase through Yes-associated protein
signaling. In addition to targeting the core protein of GPC3, Gao er a/3* developed a human
monoclonal Ab against GPC3, which preferentially recognizes the heparan sulfate chains of
GPC3. HS20 inhibits Wnt3a-dependent cell proliferation /n vitroand HCC xenograft growth
in nude mice. Furthermore, the heparan sulfate-targeting antibody HS20 inhibits HGF-
induced motility.

To enhance anti-tumor effects of Ab, Gao et a/*3 fused YP7 and HN3 to Pseudomonas
exotoxin (PE38) and constructed a recombinant immunotoxin against GPC3. Immunotoxins
are chimeric proteins that contain a bacterial or plant toxin along with an antibody that binds
specifically to cancer cells.50 HN3-PE38 shows greater anti-tumor cytotoxicity than YP7-
PE38 both /n vitroand in vivo. The underlying mechanism of HN3-PE38 action involves the
inhibition of Wnt3a-induced B-catenin and Yap signaling. Intravenous injection of HN3-
PE38 as a single agent or in combination with irinotecan results in the regression of Hep3B
and HepG2 xenografts in mice. However, the initial immunotoxin could only be used at a
relatively low dose (<0.8 mg/kg) because PE38 had off-target toxicity and induced
neutralizing antibodies in humans.>! To develop an anti-GPC3 immunotoxin for clinical use,
Wang et al*® fused HN3 to mPE24 constructing a mPE24-based immunotoxin. mPE24, a
second generation PE fragment, has a link containing a furin-cleavage sequence,>2 instead of
domain 11 and domain 111 with seven mutations that suppress B cell epitopes.53 HN3-mPE24
has a high level of cytotoxicity to HCC cells and is found to have reduced side effects and
good anti-tumor activity when used at high doses in mice.*® Fu er a/** replaced PE38 with
small molecule cytotoxins and developed antibody-drug conjugates. hYP7 was chosen to
couple with Duocarmycin SA (alkylation subunit) and pyrrolobenzodiazepine dimer to
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construct two GPC3-specific antibody drug conjugates (ADCs) hYP7-DC and hYP7-PC,
respectively. These two ADCs showed potency at picomolar concentrations against a panel
of GPC3-positive HCC cell lines.

Additionally, by engaging immune cells to destroy tumor cells, Ishiguro et a/.*® developed a
bispecific antibody ERY974 that consisted of a common light chain but had two different
heavy chains that both recognized a different protein, GPC3 or CD3.38 ERY974 exerted
significant antitumor efficacy even against tumors with nonimmunogenic features.
Treatment also appeared to be safe in monkeys.

5. Conclusion

GPC3 is specifically expressed in HCCs and can be found in HCC patient serum. Increased
GPC3 can be considered as a sign of HCC progression. GPC3 can be used as a serum and
histochemical marker for diagnosis of early-stage of HCC. Furthermore, GPC3 stimulates
HCC growth through the activation of Wnt/b-catenin signaling pathway,32:54-57 which is the
most frequently activated pathway in liver carcinogenesis.®® Thus, GPC3 makes an attractive
target for the development of new therapeutic tools for HCC treatment. The application of
targeting GPC3 to treat HCC deserves attention. Indeed, as described above, several
treatment approaches targeting GPC3 have been recently developed and are being evaluated
in HCC patients.

Manipulation of GPC3 signaling pathways provides new avenues for HCC treatment. Hu et
al59 reported that curcumin decreased GPC3 expression and inactivated Wnt/B-catenin
signaling, leading to the suppression of HCC tumor growth. Curcumin also inhibited
proliferation and induced apoptosis of HepG2 cells and suppressed HCC tumor growth in
vivo. GPC3 knockdown by siRNA enhanced the suppression effects of curcumin on Wnt/g-
catenin signaling. Interference with GPC3-mediated signaling pathways by small molecules
is an attractive therapeutic scheme with potential application in patients with HCC.
However, currently, no small molecules targeting GPC3 have been developed or evaluated in
HCC patients. Small-molecule GPC3 drugs may have the potential to offer increased
efficacy, stability, and safety for HCC treatment. Additional research to develop GPC3
targeting small molecular compounds is needed.
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Fig. 1. The structure of GPC3 protein.
GPC3 consists of a core protein and a heparan sulfate chain. It binds to the cell membrane

via a glycosylphosphatidylinositol (GPI) anchor. GPC3 has a cleavage site between Arg358
and Ser359 for Furin protease. Cleavage by furin results in a 40-kDa N-terminal subunit and
a 30-kDa C-terminal subunit. These two subunits can be linked by a disulfide bond. Two
heparan sulfate (HS) side chains occur near the C-terminal of GPC3 (Ser495 and Ser509).
Ser560 of GPC3 inserts into the lipid bilayer and anchors the protein to the bilayer by
phosphatidylinositol. GPC3 can be released from the cell surface into the extracellular
environment after cleavage by Notum, an extracellular lipase that releases GPC3 by cleaving
the GPI anchor. Fig. 1 is created using tools in BioRender.com. Abbreviations: GPC3,
Glypican-3; GPI, glycosylphosphatidylinositol; HS, heparan sulfate.
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Fig. 2. GPC3 and Wnt cell signaling.
GPC3 forms a complex with Wnt and activates Wnt signaling leading to the HCC growth.

Fig. 2 is created using tools in Fig. 1 is created using tools in BioRender.com.
Abbreviations: GPC3, Glypican-3; HS, heparan sulfate; TCF/LEF, T-cell factor/lymphoid
enhancer factor.
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