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Abstract: Glypican-3 (GPC3) is overexpressed in hepatocellular carcinomas and hepatoblastomas and represents
an important therapeutic target but the biologic importance of GPC3 in liver cancer is unclear. To date, there are
limited data characterizing the biological implications of GPC3 knockout (KO) in liver cancers that intrinsically ex-
press this target. Here, we report on the development and characterization of GPC3-KO liver cancer cell lines and
compare to them to parental lines. GPC3-KO variants were established in HepG2 and Hep3B liver cancer cell lines
using a lentivirus-mediated CRISPR/Cas9 system. We assessed the effects of GPC3 deficiency on oncogenic prop-
erties in vitro and in murine xenograft models. Downstream cellular signaling pathway changes induced by GPC3
deficiency were examined by RNAseq and western blot. To confirm the usefulness of the models for GPC3-targeted
drug development, we evaluated the target engagement of a GPC3-selective antibody, GC33, conjugated to the
positron-emitting zirconium-89 (8°Zr) in subcutaneous murine xenografts of wild type (WT) and KO liver cancer cell
lines. Deletion of GPC3 significantly reduced liver cancer cell proliferation, migration, and invasion compared to
the parental cell lines. Additionally, the tumor growth of GPC3-KO liver cancer xenografts was significantly slower
compared with control xenografts. RNA sequencing analysis also showed GPC3-KO resulted in a reduction in the
expression of genes associated with cell cycle regulation, invasion, and migration. Specifically, we observed the
downregulation of components in the AKT/NFkB/WNT signaling pathways and of molecules related to cell cycle
regulation with GPC3-KO. In contrast, pMAPK/ERK1/2 was upregulated, suggesting an adaptive compensatory re-
sponse. KO lines demonstrated increased sensitivity to ERK (GDC09994), while AKT (MK2206) inhibition was more
effective in WT lines. Using antibody-based positron emission tomography (immunoPET) imaging, we confirmed that
89Zr-GC33 accumulated exclusively in GPC3-expression xenografts but not in GPC3-KO xenografts with high tumor
uptake and tumor-to-liver signal ratio. We show that GPC3-KO liver cancer cell lines exhibit decreased tumorigenicity
and altered signaling pathways, including upregulated pMAPK/ERK1/2, compared to parental lines. Furthermore,
we successfully distinguished between GPC3+ and GPC3- tumors using the GPC3-targeted immunoPET imaging
agent, demonstrating the potential utility of these cell lines in facilitating GPC3-selective drug development.
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Introduction

Liver cancer remains a global health challenge
and is the third leading cause of cancer-related
deaths worldwide in 2020, having a very high
prevalence in Eastern Asia and sub-Saharan
Africa [1, 2]. In the United States, it is estimat-

ed that the 5-year relative survival rate of liver
cancer is 21%, which remains low despite
recent improvements in systemic therapies [3].
Hepatocellular carcinoma (HCC) is the predomi-
nant type of liver cancer, accounting for approxi-
mately 85% of all cases. Most patients with
HCC are diagnosed with advanced-stage dis-
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ease and have limited curative treatment
options.

Glypicans, a family of heparan sulfate proteo-
glycans, consist of a core protein, heparan sul-
fate chains, and a glycosylphosphatidylinositol
linkage [4]. They play essential roles in biologi-
cal processes, including cell proliferation,
cell motility, morphogenesis, and inflammation.
The structure of glypicans is highly conserved
across the family with 14 cysteine residues.
There are six known glypican family members
(GPC-1 to GPC-6) in mammals, primarily found
in the cell membrane and the extracellular
matrix due to glycosylphosphatidylinositol
anchors [5]. Furthermore, glypicans have been
reported to be involved in angiogenesis, im-
mune cell migration, inflammation, and metas-
tasis in various cancers [6, 7]. Glypican-3
(GPC3) regulates several signaling pathways,
including WNT, Hedgehog, fibroblast growth
factor, and bone morphogenic protein [8-11].
GPC3 is highly expressed in approximately 80-
90% of HCC and hepatoblastoma but is not
found in normal hepatocytes, hepatocellular
adenoma, focal nodular hyperplasia, or large
regenerative nodules [12-14]. Previous studies
have demonstrated the superior sensitivity of
serum GPC3 protein compared to alpha-feto-
protein (AFP), the most commonly used in
detection of HCC [15, 16]. In addition, GPC3
has been used as a reliable immunohistochem-
istry marker for HCC diagnosis in surgical patho-
logy [17]. GPC3 also serves as an independent
negative prognostic factor for survival in HCC
patients [18]. Expression of GPC3 has also
been reported in squamous cell lung carcino-
ma, lung small cell carcinoma, Merkel cell carci-
noma, melanoma, head and neck squamous
cell cancer, and neuroendocrine prostate can-
cer, among others [19-22]. Thus, various GPC3
targeted strategies have been developed and
evaluated in HCC and other cancers [23, 24].

Radiopharmaceutical Therapy (RPT), an emerg-
ing cancer treatment delivering radiation selec-
tively to cancer cells, can improve patient sur-
vival while preserving quality of life [25, 26].
GPC3-target radiopharmaceuticals have been
studied for antibody-based positron emission
tomography (immunoPET) imaging in preclini-
cal [27-29] and clinical [30] studies in HCC.
Our recent work demonstrated enhanced tu-
mor uptake and tumor-to-liver signal ratio with
an engineered single-domain antibody (ssHN3)
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compared to the conventionally modified anti-
body (NHN3) in xenograft models [31]. Tumor-
selective PET imaging of liver cancer would be
incredibly valuable clinically, given that assess-
ing viability, especially following locoregional
therapy, remains challenging with conventional
imaging techniques. Therapeutically, GPC3-
selective RPT studies using full-length antibod-
ies have shown promise, though optimization is
needed prior to clinical translation [32-34].
Given the important role of GPC3 as a thera-
peutic target, it is critical to better characterize
its oncogenic role in liver cancer. One facile way
to assess its role is to engineer knockout lines
from parental liver cancer lines that intrinsically
express GPC3. Notably, beyond allowing char-
acterization of the role of GPC3, this approach
yields isogenic liver cancer cell lines, which
theoretically differ only in GPC3 expression and
represent a critical tool in assessing target
specificity for drug development [35].

The aim of this study is to explore the role of
GPC3 expression in HepG2 and Hep3B, two of
the most widely used liver cancer cell lines.
Furthermore, we clarify the underlying func-
tional mechanisms responsible for the deple-
tion of GPC3 in liver cancer cells, while assess-
ing the target engagement of GC33, a GPC3-
specific antibody, by PET imaging.

Materials and methods

Cell culture

HepG2 (a human hepatoblastoma cell line) and
Hep3B (a human hepatocellular carcinoma cell
line) cells were acquired from the American
Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Thermo Fisher
Scientific, Carlsbad, CA, USA) or Eagle’s mini-
mal essential medium (EMEM, ATCC) supple-
mented with 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific) at 37°C under 5%
CO,. HepG2-GPC3 knockout (HepG2-KO) and
Hep3B-GPC3 knockout (Hep3B-KO) cells were
maintained in the same media used for paren-
tal cells. All cell lines were confirmed to be my-
coplasma-negative using a MycoAlert Myco-
plasma Detection kit (Lonza, Basel, Switzer-
land).

GPC3-KO cell lines construction

GPC3 gene knockout was performed using
CRISPR/Cas9 gene editing system as previous-
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ly described [36]. The pLentiCRISPR-v2 plas-
mid containing the small guide RNA (sgRNA)
targeting exon 3 of the human GPC3 gene
(Target DNA sequence: GACATCAATGAGTGC-
CTCCGAGG, PAM sequence: AGG) (pLentiCRIS-
PR-v2-GPC3) was purchased from GenScript
(Piscataway, NJ, USA). To produce lentiviral par-
ticles, HEK293T cells were transfected with
pLentiCRISPR-v2-GPC3 and a ViraPower len-
tiviral packaging mix (Thermo Fisher Scienti-
fic) using Lipofectamine 3000 (Thermo Fisher
Scientific). After 6 hours, the medium was re-
placed with complete growth medium. Lenti-
virus-containing supernatant was harvested at
24 h and 48 h, filtered through a 0.45 uM
syringe filter (EMD Millipore, Billerica, MA, USA),
and concentrated using Lenti-X Concentra-
tor (Takara, Shiga, Japan). The titer of the con-
centrated lentiviruses was determined using
Lenti-X GoStix Plus kit (Takara). Cells were
transduced using the lentiviral supernatant
and 5 pg/mL polybrene (Sigma-Aldrich, St.
Louis, MO, USA) in complete media. GPC3-KO
stable cells were achieved via puromycin selec-
tion (2 ug/mL; Thermo Fisher Scientific). Single-
cell clones were expanded and validated as
GPC3 knockout by reverse-transcription poly-
merase chain reaction (RT-PCR), Western blot-
ting, flow cytometry, and immunofluorescence
analyses as well as genomic DNA sequencing.

RT-PCR

Total RNA was extracted from 1 x 10° cells
using the RNeasy Micro Kit (Qiagen, Valencia,
CA, USA). Subsequently, 1 ug of RNA was used
with the QuantiTect reverse transcription kit
(Qiagen). PCR amplification was conducted with
an initial denaturation of 5 min at 94°C, com-
prising 25 cycles of 30 s at 94°C, 30 s at
56°C, and 45 s at 72°C, followed by a final
elongation at 72°C for 5 min. PCR primers
were purchased from Eurofins Genomics
(Louisville, KY, USA): HuGPC3, 5-GTTACTGC-
AATGTGGTCATGC-3' (forward), 5-ACATGTGCT-
GGGCACCAG-3’ (reverse) and Hup-actin, 5'-
ACCATGGATGATGATATCGC-3’ (forward), 5-AC-
ATGGCTGGGGTGTTGAAG-3’ (reverse). The PCR
was carried out on a T100 thermal cycler (Bio-
Rad, Hercules, CA, USA) in a total volume of
20 L, consisting of a mixture of 2 pyL of cDNA
solution, 2 pmol of each primer, and PCR mas-
ter mix (Takara). The amplification products
were analyzed by electrophoresis on 1% aga-
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rose gel (Thermo Fisher Scientific) in TAE run-
ning buffer (20 mM Tris-acetate, 0.5 mM
EDTA) containing SYBR green (Thermo Fisher
Scientific). PCR amplicons were detected using
a ChemiDoc MP Imaging system (Bio-Rad).

Western blotting

Cell lysates were extracted with RIPA lysis and
extraction buffer (Thermo Fisher Scientific)
containing Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific) and
PMSF (Sigma-Aldrich). Lysates were vortexed
and cleared by centrifugation at 13,200 rpm
for 20 min at 4°C. Supernatants were trans-
ferred to fresh microcentrifuge tubes and
protein concentrations were measured using
Pierce™ BCA Protein Assay kit (Thermo Fisher
Scientific). To detect the cellular localization
of B-catenin, four different cell lines (HepG2,
Hep3B, HepG2-KO, and Hep3B-KO) were frac-
tionated with the NE-PER nuclear and cytoplas-
mic extraction kit according to the manufactur-
er’'s protocol (Thermo Fisher Scientific). Pro-
teins (20-50 pg) were subjected to western
blot analysis, which were probed with the fol-
lowing primary antibodies. GPC3 antibody was
purchased from Cell Marque (261M-96, Ro-
cklin, CA, USA). Non-phospho (Active) B-catenin
(#8814), B-catenin (#8480), AKT (#9272), pho-
spho-AKT (#4060), PTEN (#9559), ERK1/2
(#9102), phsopho-ERK1/2 (#4370), NFkB
(#8242), phospho-NFkB  (#3033), mTOR
(#2972), phospho-mTOR  (#2976), CDK4
(#2906), CDK6 (#3136), Cyclin D1 (#55506),
Cyclin D3 (#2936), p27 Kipl (#2552), N-myc
(#84406), Survivin (#2808), and Lamin B1
(#12586) antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA).
Calnexin and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) antibodies were purcha-
sed from BD Transduction Lab (#610523, San
Jose, CA, USA) and Sigma-Aldrich (#CB1001),
respectively. The membrane was incubated
with the appropriate secondary antibodies
conjugated to horseradish peroxidase (HRP) for
1 h at room temperature (RT). The immunore-
active bands were developed with the Clarity or
Clarity Max ECL substrate (Bio-Rad), and sig-
nals were detected using a ChemiDoc MP imag-
ing system (Bio-Rad). ImageJ software (NIH,
Bethesda, MD, USA) was used to evaluate the
relative expression of each molecule normal-
ized to GAPDH.
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8DNA sequencing

Genomic DNA extraction from cells was per-
formed using the QIAamp DNA kit (Qiagen). The
DNA fragment encompassing the guide RNA
region at exon 3 of GPC3 gene was amplified
using a Takara PCR amplification kit (Takara)
and the following primers (Eurofins Genomics):
GP1F, 5-TGCCAAGAACTACACCAATGCC-3’ and
GP1R, 5-ATCTCCACCACACCTGCCATAC-3'. The
reactions were incubated for 2 min at 95°C
for initial denaturing, followed by 30 cycles of
95°C for 15 sec, 60°C for 30 sec, and 72°C
for 30 sec; and a final extension for 5 min at
72°C. Amplified DNA fragments were purified
using the QIAquick gel extraction kit (Qiagen)
from agarose gel, ligated into pCR2.1-TOPO
vector (Thermo Fisher Scientific), and subse-
quently transformed into Escherichia coli
DH5a (Thermo Fisher Scientific). The plasmid
DNAs were extracted using QlAprep Spin
Miniprep kit (Qiagen), and were submitted for
Sanger sequencing by Eurofins Genomics.

Flow cytometry

Parental liver cancer cells and GPC3-KO cells
were harvested by trypsinization and washed
with ice-cold phosphate-buffered saline (PBS)
three times. Cell pellets were resuspended in
FcR block (1:5 final dilution) (Miltenyi Biotec,
Bergisch Gladbach, Germany) and incubated
for 30 minutes on ice. The cells were incubated
with mouse anti-GPC3 monoclonal antibody
(Cell Marque), mouse isotype control I1gG1l
(@b37355; Abcam, Cambridge, MA, USA), or
incubated without antibody for 45 min at 4°C.
After incubation, cells were washed with ice-
cold staining buffer (PBS, 1% BSA (w/v), 0.5
mM ethylenediaminetetraacetic acid (EDTA)),
and incubated with 1 pg of APC-labeled goat-
anti-mouse IgG1 secondary antibody (Thermo
Fisher Scientific) on ice for 30 min in the dark.
Stained cells were diluted using the staining
buffer and immediately analyzed by a flow
cytometer (CytoFLEX Flow Cytometer, Beck-
man Coulter, Brea, CA, USA). Data analysis was
performed using FlowJo software (FlowJo LLC,
Ashland, OR, USA).

Immunohistochemistry and immunofluores-
cence

Formalin-fixed paraffin-embedded (FFPE) xeno-
graft tissue sections (5 um thickness) were
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deparaffinized and rehydrated through xylenes
and decreasing alcohol gradient. Antigen re-
trieval was performed using an antigen retriev-
al buffer (pH 6.0; Dako, Carpinteria, CA, USA)
within a pressure cooker. Endogenous peroxi-
dase activity was quenched with 3% hydrogen
peroxide for 15 min. After non-specific binding
blocking using protein block (Dako) for 20 min,
the sections were incubated with rabbit anti-
GPC3 monoclonal antibody (clone no. SP86;
dilution 1:3000; Abcam) or rabbit monoclonal
anti-Ki-67 antibodies (clone no. SP6; dilution
1:100; Abcam) for 1 h at room temperature.
The reaction of antigen and antibody was visu-
alized by the Dako Envision+ peroxidase Kit
with 3,3-diaminobenzadine (Dako). Negative
controls (IgG and omission of primary antibody)
were concurrently performed. Thyroid and pla-
centa tissues were used as positive controls.
The stained slides were scanned using the
NanoZomer XR digital pathology (NDP) system
(Hamamatsu, Hamamatsu City, Japan). Digiti-
zed immunohistochemical staining images
were assessed using Visiopharm software ver-
sion 6.9.1 (Visiopharm, Hgrsholm, Denmark).
GPC3 and Ki-67 expression were calculated
according to the percentage of positively
stained cells and the percentage of cell nuclei
stained (potential range of 0-100%), res-
pectively.

Four different cell lines (HepG2, Hep3B, HepG2-
KO, and Hep3B-KO) were seeded and cultured
on Labtek Il chamber slides (Nalgene Nunc,
Naperville, IL, USA), rinsed with PBS, fixed with
4% paraformaldehyde (Sigma-Aldrich), and
permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich). Subsequently, the cells were washed
with PBS and incubated with 5% BSA in PBS
for 30 min at room temperature. Mouse anti-
GPC3 antibodies (clone no. 1G12; Cell Marque)
were diluted to 1:200 in 2% BSA in PBS and
incubated overnight at 4°C, followed by 1 h
incubation at 1:500 dilution with Alexa Fluor
555 goat anti-mouse 1gG (Thermo Fisher
Scientific). Mouse 1gG1 (ab37355; Abcam) was
used as the isotype (negative) control. After
nucleus visualization with DAPI, slides were
mounted with Prolong Diamond antifade
(Thermo Fisher Scientific) and imaged on a
Zeiss Axio Imager 2 (Carl Zeiss Microscopy,
Jena, Germany).

Cell proliferation assay

Cell proliferation of each cell line was measured
using cell proliferation enzyme-linked immuno-
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sorbent assay (ELISA), BrdU (colorimetric) kit
(Roche, Indianapolis, IN, USA) according to the
manufacturer’s instructions. 5 x 103 cells were
seeded per well into 96-well culture plates. The
absorbance in each well was measured at 450
nm using a BioTek Epoch 2 microplate spec-
trometer (Agilent, Palo Alto, CA, USA). Each
experiment was repeated three times.

Wound healing migration assay

HepG2 and HepG2-KO (1 x 108 cells per well)
and Hep3B and Hep3B-KO cells (5 x 10° cells
per well) were seeded into 6-well culture plates
and allowed to grow to a confluent monolayer
state. The cell monolayers were wounded with
a pipette tip and the medium was changed to
fresh media after washing the free-floating
cells with PBS. Photos were captured at O and
24 h after wounding. The gap distance was
measured using ImageJ software (NIH). Wound
healing migration rate was represented as % of
control.

Transwell matrigel invasion assay

Cell invasion assay was performed using
24-well Corning Biocoat Matrigel invasion
chambers with 8.0 uym pore membrane
(Corning, Inc., Corning, NY, USA). Cells were
seeded into the upper chamber at a density of
2 x 10%in 200 pL serum-free medium. Cell cul-
ture media (DMEM and EMEM) supplemented
with 10% FBS was added to the lower chamb-
er. Following incubation for 48 h, the non-
migrated cells on the upper surface of the fil-
ters were removed with cotton swabs, and
migrated cells were fixed with 4% paraformal-
dehyde (Sigma-Aldrich) for 15 min at room tem-
perature. Subsequently, migrated cells were
stained with 0.5% crystal violet for 20 min. The
number of migrated cells was counted under a
light microscope by randomly selecting ten
fields. Three independent experiments were
performed.

Xenograft tumor models

All animal procedures were performed in accor-
dance with appropriate standards under a pro-
tocol approved by the Institutional Animal Care
and Use Committee at the National Institutes
of Health (protocol ROB-104). HepG2, HepG2-
KO, Hep3B, and Hep3B-KO cells (5 x 10° cells
per mouse) were subcutaneously inoculated
into the right flank of female athymic nu/nu 8-
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to 10-wk-old mice (Charles River Laboratories,
Wilmington, MA, USA). In order to validate how
GPC3 deficiency affects tumor growth, the
tumor volume was measured by a digital caliper
2-3 times a week from 21 days after tumor
inoculation. Tumor volume was calculated from
digital caliper raw data using the formula V
(mm?3) = (L x w?)/2. The value w (width) was the
smaller of the two perpendicular tumor axes,
and the value L (length) was the larger of the
two perpendicular axes. The tumor endpoint
volume was set at 2000 mm?, and tumors were
monitored until the animals were euthanized
either due to tumors reaching 2000 mm?3 or
animals reaching the study endpoint at 60 days
for HepG2 and HepG2-KO xenografts and 50
days for Hep3B and Hep3B-KO xenografts
after tumor inoculation. The excised tumors
from euthanized mice were weighed. Validation
of GPC3-KO with GPC3-selective immunoPET
agent (89Zr-DFO-GC33) for PET imaging and bio-
distribution studies was performed once tu-
mors were grown to approximately 200 mm3.

ELISA for serum alpha-fetoprotein

The alpha-fetoprotein (AFP) level (ng/mL) in
the serum of HepG2 xenografts (WT and KO;
each n=7) and Hep3B xenografts (WT and KO;
each n=7) was analyzed using a Mouse alpha-
fetoprotein (AFP) Quantikine ELISA Kit (R&D
Systems, Minneapolis, MN, USA), following
the manufacturer’s instructions. Serum sam-
ples were diluted (1:20) in calibrator diluents,
respectively before the assay according to
the recommendation of the manufacturer. The
microplate was read at 450 nm in BioTek Epoch
2 Microplate Spectrophotometer (Agilent).

Antibody array

Proteins extracted from four different liver can-
cer cell lines were analyzed using a Human
Phosphorylation Pathway Profiling Array C55 kit
(Ray Biotech Inc., Norcross, GA, USA), following
the manufacturer’s instructions. Briefly, after
blocking, phosphorylation profiling array mem-
branes were incubated with 1 mL 10-fold dilu-
tion of cell lysates overnight at 4°C. After
washing, membranes were incubated with a
detection antibody cocktail at RT for 2 h, fol-
lowed by incubation with HRP-labeled second-
ary antibody for an additional 2 h. Subsequen-
tly, membranes were washed and exposed to a
peroxidase substrate. Chemiluminescent sig-
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nals were detected using a ChemiDoc MP Ima-
ging System (Bio-Rad), and spot intensities
were quantified using ImageQuant version 5.2
(Molecular Dynamics; Sunnyvale, CA, USA).

RNASeq data analysis

RNA extracted from parental liver cancer cells
and GPC3-KO cells were analyzed by RNA
sequencing. RNA seq samples were pooled
and sequenced on NovaSeq 6000 S1 using
Illumina Stranded Total RNA Prep, ligation with
RiboZero Plus, and paired-end sequencing.
Initial raw sequencing data were demultiplexed
using Bcl2fastq (v2.20). Reads of the samples
were trimmed for adapters and low-quality
bases using Cutadapt before alignment with
the reference genome (hg38) and the annotat-
ed transcripts using STAR. Picard (v2.18.26)
was employed for RNA statistics, and duplica-
tion removal and quantification of gene and
isoform abundances were conducted using
RSEM (v1.3.1) for accurate expression level
estimation. Differential gene expression analy-
sis was carried out using DESeq2 (v1.34.0).
Genes having a false-discovery corrected p-val-
ue (padj) <0.05 and a fold change >1.0 were
considered as differentially expressed. The R
package ComplexHeatmap (v2.14.0) was used
to generate gene expression heatmaps. The R
package clusterProfiler (v4.6.2) was used to
examine gene ontology, molecular function,
and cell composition signatures. Gene set
enrichment analysis (GSEA) was performed
using the GSEA tool (v4.1.0) (https:/www.
gsea-msigdb.org/gsea/index.jsp). RNA sequ-
encing raw gene counts derived from STAR
were first normalized using DESeq2 (v1.34.0).
The table of normalized gene counts generat-
ed was used for GSEA analysis, using the log2
ratio as the enrichment metric. 1,000 gene set
permutations were run to generate an empiri-
cal distribution of enrichment scores, and the
p-value was calculated based on score
distribution.

Radiolabeling of GC33 with Zr-89

Codrituzumab (GC33), a humanized anti-GPC3
IgG1, was obtained from Chugai Pharmaceuti-
cal Co. Ltd. (Tokyo, Japan). Zirconium-89 oxa-
late was obtained from 3D Imaging (Little
Rock, AR, USA). The GPC3-selective immu-
noPET agent was prepared using a previously
published method [37, 38]. Briefly, GC33 was
reacted with a 3-fold molar excess of p-isothio-
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cyanatobenzyl-desferrioxamine (DFO-Bz-NCS,
Macrocyclics, Inc., Plano, TX, USA) to prepare
DFO conjugate (DFO-GC33) and the concentra-
tions of the conjugates (3.3 mg/mL) were mea-
sured using bicinchoninic acid assay (BCA,
Thermo Fisher Scientific). For radiolabeling,
150 MBq of Zr-89 oxalate in HEPES buffer (0.5
M, pH 7.1-7.3, Thermo Fisher Scientific) was
mixed with DFO-GC33 (0.15 mg, 3.3 mg/mL,
45 uL) and the reaction mixture was incubated
for 1 h at room temperature and the reaction
was quenched by the addition of DTPA (0.1 M,
5 uL, pH 7). The radiolabeled conjugate was
purified by PD-10 column (GE Healthcare
Biosciences, Pittsburgh, PA, USA) using 0.9%
NaCl (pH 7, Sigma Aldrich). The molar ac-
tivity and purity of the conjugate were deter-
mined by HPLC (Agilent 1200 Series) using a
size exclusion column (tR=8.0 min, 4.6 mm
ID x 30 cm, 4 um, TSKgel SuperSW3000,
Tosoh Bioscience LLC; Montgomeryville, PA,
USA). High-performance liquid chromatography
(HPLC) condition: eluent, 0.1 M sodium phos-
phate, 0.1 M sodium sulfate, 0.05% sodium
azide, 10% isopropyl alcohol (pH 6.8), flow rate:
0.3 mL/min.

ImmunoPET and biodistribution

HepG2 xenografts (WT and KO; each n=3) and
Hep3B xenografts (WT and KO; each n=3) were
injected through a tail vein with 3,696 + 63
kBq (5 ug) of 89Zr-DFO-GC33 and at 72 h after
injection, PET/CT images were acquired using
PET/CT (BioPET/CT, Sedecal, Madrid, Spain) as
follows: the mice were anesthetized using 2%
isoflurane, and static PET scans were acquired
over 10 min. Whole-body computed tomogra-
phy (CT) scans (8.5 min, 50 kV, 180 pA) were
obtained immediately after PET images and
were used to provide attenuation correction
and anatomic co-registration for the PET scans.
PET data were reconstructed using 3-dimen-
sional ordered-subsets expectation maximiza-
tion (OSEM) and were normalized, decay-cor-
rected, and dead-time-corrected before analy-
sis using MIM software (MIM Software Inc.,
Cleveland, OH, USA). After PET/CT imaging, the
mice were euthanized by CO, asphyxiation,
and 12 tissues, including tumor, were collected
for the ex vivo biodistribution (BioD). All sam-
ples were weighed and counted on a y-counter
(2480 Wizard3; Perkin Elmer Inc., Waltham,
MA, USA). The counts were converted to per-
centage injected activity (%lA) using a standard
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solution of known activity prepared from the
injection solution. %IA/g was calculated by
dividing the activity in each organ by its weight.

Statistical analysis

Statistical analyses were conducted using
Prism 10.0 (GraphPad Software Inc., San Diego,
CA, USA). The data are expressed as the mean
+ standard deviation (SD) or standard error
(SEM). Unpaired two-tailed t-tests were em-
ployed for statistical comparisons between the
two groups. For datasets with more than two
groups, a one-way ANOVA was performed, fol-
lowed by Tukey’s post hoc test. Statistical sig-
nificance was established at P<0.05 and is
indicated in the figure legends.

Results

CRISPR/Cas9-mediated knockout of GPC3 ef-
fectively disrupts its expression in liver cancer
cells

We used CRISPR/Cas9 to generate GPC3
knockout (KO) liver cancer cells (HepG2 and
Hep3B) and assessed the knockout status
through genomic DNA sequencing. After single
colony selection, surviving clones (10 clones
per cell line) were expanded and passaged,
and half of the total cells were harvested for
genomic DNA isolation. The rest were expand-
ed and cryopreserved. To analyze the conse-
quences of sgRNA-mediated GPC3-KO at the
genomic level, we conducted PCR amplifica-
tion of the genomic region encompassing the
targeted exon 3. Subsequently, the resulting
PCR amplicons were cloned into a TA-cloning
plasmid and subjected to sequencing. The
sequencing results confirmed the presence of
a 13-bp and 7-bp nonsense deletion in HepG2-
KO and Hep3B-KO, respectively (Figure 1A). A
stop codon (TGA) was identified at positions
601-bp and 607-bp of the GPC3 open reading
frame (ORF) in both HepG2-KO and Hep3B-KO
clones, respectively (data not shown). Additi-
onally, a point mutation (C>A) was detected at
position 554 bp of the GPC3 ORF in Hep3B-KO
(Figure 1A). Translation of the ORF yielded a
200-amino acid polypeptide for HepG2-KO
and 202-amino acid residues for Hep3B-KO,
respectively (Figure 1B), whereas GPC3-WT
has a length of 603 amino acids. These results
suggest that the sgRNA-mediated gene editing
system effectively disrupted the GPC3 gene,
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thereby hindering the synthesis of functional
protein.

Next, we assessed the knockout efficiency
through Western blotting. It was evident that
GPC3 protein expression was undetectable in
the majority of clones (8/10 clones, 80%). Two
single-cell clones (KO-LG3 and KO-VG5 for
HepG2 and Hep3B, respectively) were chosen
for all subsequent analyses (Supplementary
Figure 1 and Figure 2A). Subsequently, we
checked the transcriptional expressional level
of GPC3 by RT-PCR. As shown in Figure 2B, the
PCR resulted in a 1006 bp target band exclu-
sively in wild-type liver cancer cells.

In the context of radiopharmaceutical applica-
tions, it is crucial to identify the expression of
potential target molecules on cancer cell mem-
branes. We confirmed the membrane expres-
sion of KO cell lines by flow cytometry. The tar-
geted HepG2 and Hep3B cells exhibited a com-
plete lack of GPC3 surface expression, in con-
trast to wild-type (WT) HepG2 and Hep3B cells
(Figure 2C). The mean fluorescence intensity
(MFI) of HepG2-WT and Hep3B-WT was 66-fold
and 25-fold higher, respectively, compared
to HepG2 GPC3-KO and Hep3B GPC3-KO.
Meanwhile, the MFI of Hep3B-WT was 1.4-fold
lower than that of HepG2-WT. Furthermore, we
validated the GPC3-KO using immunofluores-
cence. Fixed cells were immunolabeled with
primary antibodies against GPC3 from both
parental liver cancer cells and GPC3-KO cell
cultures. GPC3 expression was notably absent
in GPC3-KO liver cancer cells, while clear
expression was observed in HepG2-WT and
Hep3B-WT cells (Figure 2D and Supplement-
ary Figure 2). These results confirm the com-
plete knockout of GPC3 expression at both
transcriptional and translational levels.

GPC3 deletion impairs cell proliferation, migra-
tion, and invasion

Next, we investigated whether GPC3-KO affects
the oncogenic properties in liver cancer cells. A
BrdU cell proliferation assay, which detects
actively proliferating cells, showed that the
depletion of GPC3 resulted in the inhibition of
cell proliferation. At 96 h, the proliferation rate
of HepG2-KO and Hep3B-KO was significantly
reduced by 61.8 and 71.1%, respectively, com-
pared to their parental cells (both P<0.05,
Figure 3A). This reduction suggests that GPC3-
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Figure 1. Generation of GPC3 knockout (KO) liver cancer cell lines using CRISPR-Cas9. A. Schematic representation
of the genomic structure of GPC3 with the engineered exon site highlighted in red (Exon 3). The gRNA region (blue
box) and PAM region (black box) were amplified using the GP1F and GP1R primer set, and the resulting DNA was
sequenced. In HepG2-KO, a 13-nt deletion was observed, while in Hep3B-KO, a 7-nt deletion accompanied by a
single nucleotide mutation (burgundy box) was identified compared to the wild type. B. Alignment of the amino acid
sequences of partial human GPC3 and the two GPC3-KO proteins, presented in the one-letter code. Protein synthe-
sis in the KO cells was terminated by a stop codon (indicated by a red-colored asterisk in the box). Open reading
frames are highlighted in cyan, and amino acid sequences corresponding to the sgRNA-targeted regions are shown
in bold letters.
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Figure 2. Confirmation of GPC3 knockout at the transcriptional and translational level. A. Western blots of cell ly-
sates extracted from parental and GPC3-KO cells. Endogenous GPC3 protein was detected by the protein-specific
antibody in parental cells, whereas protein loss was confirmed in the KO cells. GAPDH was used as the internal
control. B. RT-PCR analysis of parental and GPC3 knockout HepG2 and Hep3B cell lines. Successful knockout of
the GPC3 gene was confirmed in the KO cell lines. Beta-actin was used as the internal control. C. Analytical flow
cytometry of surface GPC3 expression on parental and GPC3-KO cells. Parental HepG2 and Hep3B cells (red line)
expressed GPC3, while KO cells (blue line) lacked intact GPC3 expression. Data are presented as the mean fluores-
cence intensity (MFIl). Mouse immunoglobulin G1 (IgG1, grey-filled area) served as the isotype control. Differences
in MFI were statistically tested using ANOVA. ***_ P<0.001. D. Immunofluorescence staining with GPC3 (in red) and
DAPI (in blue) on parental and GPC3 knockout HepG2 and Hep3B cells. Highly expressed GPC3 in parental cells was
completely knocked out in HepG2 and HepG2-KO clones. The bottom panel shows immunofluorescence with the
isotype negative control. Scale bars are shown for 20 pm.

KO in liver cancer cells led to a marked decrease
in cell numbers and an extended cell doubling
time.

Subsequently, we assessed the cell migration
of GPC3-KO cells using the wound healing
assay. The cell monolayer was scraped, and the
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width of the wound gap was measured after 24
h. This scratch assay revealed that GPC3-KO
significantly inhibited the wound healing ability
of HepG2 (67.6% diminution compared with the
parental cell, P<0.001, Figure 3B left panel).
Similar inhibitory effects were also observed in
Hep3B-KO cells (43.2% less than Hep3B-WT
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Figure 3. Effect of GPC3 ablation on liver cancer cell growth, migration, and cell invasion. A. Cell growth rate of pa-
rental and GPC3-KO cells. Cell proliferation was measured using the BrdU cell proliferation assay kit after 24, 48,
72, and 96 h. The left panel represents HepG2, and the right panel represents Hep3B. The cell growth rate was
significantly reduced by GPC3 deficiency in both HepG2 and Hep3B. B. Scratch wound healing assay demonstrates
a significant decrease in the rate of wound healing in GPC3-KO cells compared to the wild-type liver cancer cells.
C. Cell invasion was significantly inhibited after the knockout of GPC3 expression. Invading cells were assessed
by counting cells in five random high-power fields (HPFs). Scale bars are shown for 100 pm. All experiments were
performed in triplicate, and error bars represent standard deviations from the mean. Differences in cell growth and
migration rates were statistically tested using the t-test. *, P<0.05; ***, P<0.001.

decrease, P<0.001, Figure 3B right panel). GPC3 depletion showed significantly reduced
Through the transwell matrigel invasion assay, HepG2 (0.4-fold decrease, P<0.001) and
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Hep3B (0.4-fold decrease, P<0.001) invasion
ability (Figure 3C). These results collectively
suggest that GPC3 levels correlate with cell
proliferation, migration, and invasion ability of
HepG2 and Hep3B cells.

GPC3 deficiency suppresses tumor growth in
mice

Cell lines harboring GPC3-KO were injected
subcutaneously into nude mice to further vali-
date the functional consequences of GPC3-KO
and examine tumor growth. We observed sig-
nificantly delayed growth of HepG2-KO and
Hep3B-KO tumors compared to wildtype tu-
mors. While the average tumor volume in the
HepG2-WT group on day 60 was 1641.8 #*
192.0 mm?, HepG2-KO tumor volume was
784.2 + 73.5 mm?3 (52.3% less than HepG2-
WT, P<0.05, Figure 4A left panel). Similarly,
while the average tumor volume in Hep3B-WT
group on day 50 was 2082.8 + 183.8 mm?,
Hep3B-KO tumor volume was 842.9 + 343.6
mm?® (59.5% less than Hep3B-WT, P<0.05,
Figure 4A right panel). Tumors in all mice of
the HepG2-WT group were larger than those in
the HepG2-KO group (Supplementary Figure
3A). In the Hep3B-KO tumor group, tumors did
not develop in three mice, and in two mice, the
tumor volumes were significantly smaller com-
pared to those in the Hep3B-WT group, mea-
suring 124.2 mm?® and 400.9 mm?, respective-

ly, at day 50 (Supplementary Figure 3B).

The weight of tumors excised from the four
groups at the study endpoint was directly com-
pared (Figure 4B). The average weight of
HepG2-KO tumors (0.35 + 0.20 g) was 3 times
lower than that of tumors from the HepG2-WT
group (1.07 + 0.41 g) (P<0.01, Figure 4B left
panel). Similarly, the average weight of Hep3B-
KO tumors (0.37 + 0.21 g) was 4 times lower
than that of tumors from Hep3B-WT group
(1.47 £ 0.17 g) (P<0.01, Figure 4B right panel).
Together, these results suggest that GPC3 defi-
ciency suppressed tumor growth in mice.

To investigate whether GPC3-KO in mouse
tumors would result in any differences in AFP
levels, a widely used tumor marker for HCC, we
measured serum AFP levels from xenografts.
Even though differences in serum AFP levels
were observed based on tumor type (HepG2
and Hep3B), GPC3-KO did not affect serum
AFP levels between HepG2-WT and HepG2-KO
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(48.0 £ 3 0.2 ng/mL and 55.8 + 35.9 ng/mL,
respectively, P=0.644) as well as Hep3B-WT
and Hep3B-KO (19.5 + 8.9 ng/mL and 14.6 £
3.8 ng/mL, respectively, P=0.171) (Supple-
mentary Figure 4A). Moreover, we also analyzed
the correlation between serum AFP levels and
tumor volume, but the results failed to demon-

strate any correlation (Supplementary Figure
4B).

The formalin-fixed paraffin-embedded sections
were immunohistochemically stained with anti-
bodies for GPC3 and Ki-67 proliferation mark-
er. The results revealed membranous expres-
sion exclusively in parental liver cancer cells for
GPC3 (Figure 4C). The Ki-67 labeling index in
HepG2-KO and Hep3B-KO cells were signifi-
cantly decreased by 51.2 and 25.3% (P<0.01,
Figure 4D), respectively.

GPC3 deficiency alters the expression of genes
involved in WNT signaling and cell cycle and
migration at the transcriptomic level

We observed a statistically significant down-
regulation of GPC3 (P=2.18 x 108 for HepG2
and P=1.09 x 10** for Hep3B) in KO cell lines
(Figure B5A). Using an adjusted p-value thresh-
old <0.05 and fold change >1.0 to define dif-
ferentially expressed genes (DEGs), we noted
that GPC3-KO showed an effect on gene ex-
pression patterns with 98 genes upregulated
and 64 downregulated for HepG2 and 234
genes upregulated and 299 downregulated for
Hep3B. In enrichment analyses of DE genes
in Gene Ontology Biological Process (GOBP)
terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, downregulated
genes in HepG2 were enriched for growth fac-
tor binding and cell invasion and migration
for Hep3B (Figure 5B). The effect of GPC3-KO
on cell invasion and migration was consistent
with the observation from the wound healing
assay. We also confirmed these findings using
Gene Set Enrichment Analysis (GSEA), a thresh-
old-independent approach to examine biologi-
cal processes enriched. Top GSEA-enriched
terms indicated a strong effect of GPC3-KO on
the WNT signaling pathway and protein kinase
B (AKT) pathway (Figure 5C), both of which are
critical regulators of cell proliferation, survival,
and differentiation. Furthermore, other enri-
ched pathways cell migration and the cell cycle
in both HepG2 and Hep3B. We observed that
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Figure 4. Impact of GPC3 deficiency in liver cancer cells in a xenograft mouse model. A. Comparison of in vivo tumor
growth between parental and GPC3 knockout (KO) cells. Five million parental (HepG2 & Hep3B) and GPC3-KO cells
were subcutaneously inoculated into BALB/c athymic nu/nu mice, with each group comprising n=7 mice. The val-
ues represent the mean + standard error (SE). B. Tumor weights of xenograft tumors derived from wild-type HepG2,
GPC3-KO HepG2, wild-type Hep3B, and GPC3-KO Hep3B cells. The data represents the mean * standard devia-
tion (SD). C. Immunohistochemical staining for GPC3 in xenograft tumor tissues. Digital analysis using Visiopharm
software categorized staining intensity as negative or positive based on intensity. The final score was calculated as
the mean positive ratio from six randomly selected different regions of the tumor section. D. Immunohistochemi-
cal staining for Ki-67 in xenograft tumor tissues. The Ki-67 expression index represents the mean percentage of
positively stained cells from six representative regions of the xenograft tumor section. The data represent the mean
+ SD. Statistical significance in experimental values was determined using the t-test. *, P<0.05; ***, P<0.001.

specific genes related to the cell cycle were
less expressed in GPC3-KO cell lines compared
to WT, implying the potential effect of GPC3 in
cell cycle regulation (Figure 5D). In addition to
these shared pathways, the Hep3B cell line
with GPC3-KO was downregulated in for genes
involved in related to cell-cell adhesion, signal
transduction, response to growth factor, and
signaling receptor activity (Supplementary
Figure 5), suggesting distinct pathways that
GPC3 may contribute to in different liver cancer
subtypes/disease/cell line. In the comparison
of DEGs between the HepG2 and Hep3B cell
lines following GPC3-KO, we observed a mini-
mal overlap between DEGs in HepG2 and
Hep3B cell lines (8.02% of HepG2 DEGs and
2.44% of Hep3B DEGs), suggesting different
compensatory responses to the loss of GPC3.

GPC3 deficiency modulates critical sighaling
pathways related to cell proliferation, survival
and cell cycle regulation in liver cancer cells

Because genes related to the cell cycle were
downregulated in GPC3-KO liver cancer cells
according to RNASeq data analysis, we investi-
gated multiple components related to cell cycle
regulation in liver cancer cells harboring GPC3-
KO vs. wild type. Among cell-cycle regulators,
the expression of CDK4, CDK6, Cyclin D1, Cy-
clin D3, survivin, and N-myc was decreased sig-
nificantly in GPC3 deficient HepG2 and Hep3B
cancer cell lines. Additionally, the expression of
p27 Kipl, a negative regulator of cell prolifera-
tion, was increased in HepG2 GPC3-KO cells
(Figure 6A), aligning with the observed reduc-
tion in the cell proliferation rate in GPC3-KO
liver cancer cells.

To elucidate the critical signaling pathways
associated with GPC3 ablation in HepG2
and Hep3B cells, we performed an antibody
array using a Human Phosphorylation Pathway
Profiling Array kit. Our findings revealed a
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significant decrease in phosphorylated AKT
(p-AKT) and an increase in phosphorylated
mitogen-activated protein kinase (p-MAPK/
ERK1/2) in GPC3-KO liver cancer cells (Supple-
mentary Figure 6). We further validated quanti-
tative changes using an antibody array and
Western blot. In addition, we investigated the
expression level and nuclear translocation of
-catenin due to the pivotal role of the WNT/[3-
catenin signaling pathway in HCC and the well-
described modulation of WNT/B-catenin by
GPC3 [8]. Ablation of GPC3 expression in
HepG2 cells led to a significant reduction
in p-AKT, phosphorylated nuclear factor-kB
(p-NFkB), phosphorylated mammalian target of
rapamycin (p-mTOR), full-length B-catenin and
truncated B-catenin (tB-catenin), but slight
upregulation of p-MAPK/ERK1/2. Similar mo-
lecular alterations were observed in GPC3-KO
Hep3B cell. However, full-length B-catenin
expression was not changed (Figure 6B). We
further investigated the nuclear translocation
of B-catenin in both liver cancer cell lines.
Nuclear translocation of full-length B-catenin
was reduced by half in both HepG2-KO and
Hep3B-KO compared to their respective wild-
type lines, while the cytoplasmic -catenin level
was slightly reduced in HepG2-KO cells (Figure
6C). These data suggest divergent roles of
GPC3 in the two liver cancer cell lines.

To further assess whether the compensatory
activation of MAPK/ERK, in response to de-
creased AKT signaling, we treated both paren-
tal and GPC3-KO liver cancer cells with either
ERK inhibitor (GDC09994) or AKT inhibitor
(MK2206). We then assessed the efficacy of
each inhibitor on cell proliferation. When com-
pared with their respective wild-type cell lines,
HepG2-KO (1.5- and 2.3-fold at low and high
concentrations, respectively) and Hep3B-KO
(1.7- and 1.6-fold at low and high concentra-
tions, respectively) exhibited higher sensitivity
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Figure 5. Transcriptional effects of GPC3 knockout in HepG2 and Hep3B cells. A. Volcano plot showing differential
gene expression upon GPC3 knockout using CRISPR/Cas9 in HepG2 and Hep3B cell lines. Plot depicts log2 fold
change vs. -log10 False discovery-corrected p-value (FDR) for individual genes. Downregulated genes are repre-
sented in blue and upregulated genes are represented in red. GPC3 is represented with red arrow. B. Plot showing
enriched KEGG pathway and gene ontology, biological process (GO BP) terms in genes downregulated upon GPC3
knockout, relative to parental liver cancer cell lines. Gene ratio indicates proportion of the GO/KEGG term contain-
ing query genes, dot size indicates number of query genes in the GO term, and color indicates the false-discovery
rate corrected/adjusted p-value. C. Gene set enrichment analysis (GSEA) of RNA sequencing data from HepG2 and
Hep3B cells with GPC3-KO. Results show representative GSEA plots and tables of top enriched GO BP gene sets
downregulated in GPC3-KO cells. D. Heatmap representation of cell cycle related genes upon GPC3-KO.

to MAPK/ERK inhibitor GDC09994 (Figure 6D).
However, the AKT inhibitor MK2206 was less
effective on HepG2-KO and Hep3B-KO lines
than on their respective parental lines (Figure
6E). Taken together, these data demonstrate
that GPC3 deficiency results in compensatory
upregulation of MAPK/ERK in response to AKT
downregulation. This can be inhibited pharma-
cologically with subsequent suppression of cel-
lular proliferation.

GPC3-targeted immunoPET agent demon-
strates that GPC3 deficiency was persistently
sustained in GPC3-KO xenografts

GC33 is a humanized anti-GPC3 IgG1l that
binds to human GPC3 with high affinity (Kd of
0.673 nM) [39]. The radiochemical yields were
over 95% with radiochemical purity >98% and
the molar activities of the radio-conjugates
were 85 GBg/umol.

897r-DFO-GC33 was injected in HepG2 and
Hep3B xenografts (WT and KO), and the tumor
uptake was evaluated at 72 h post-injection.
HepG2-WT tumors were clearly visible, whereas
the HepG2-KO tumors showed minimal signal
(Figure 7A left panel). Because of the lower
GPC3 expression in Hep3B-WT vs. HepG2-WT
cells, uptake of 89Zr-DFO-GC33 in Hep3B-WT
tumors was lower but still evident. However,
almost no signal was observed in Hep3B-KO
tumors (Figure 7A right panel).

These results were further confirmed by ex vivo
biodistribution right after PET imaging at 72 h
time point. The highest uptake was found in the
tumor of HepG2-WT xenografts (29.2 + 6.7%
IA/g), whereas HepG2-KO tumor uptake (1.7 +
0.2% 1A/g) was 17.2 times lower than that of
tumors from HepG2-WT xenografts (P<0.01,
Figure 7B left panel). The tumor-to-blood and
tumor-to-muscle ratios in HepG2-WT xeno-
grafts were calculated to be 3.5 and 47.6,
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whereas HepG2-KO xenografts showed 7.0
and 11.6 times lower compared to that of
HepG2-WT xenografts (Figure 7B right panel).
Similarly, the highest uptake was found in the
tumor of Hep3B-WT xenografts (21.1 + 4.7%
IA/g), whereas Hep3B-KO tumor uptake (2.2 +
0.9% IA/g) was 9.8 times lower than that of
tumors from Hep3B-WT xenografts (P<0.01,
Figure 7C left panel). The tumor-to-blood and
tumor-to-muscle ratios in Hep3B-WT xeno-
grafts were calculated to be 2.6 and 35.9,
whereas Hep3B-KO xenografts showed 5.2
and 7.5 times lower compared to that of
Hep3B-WT xenografts (Figure 7C right panel).
These results align with the PET imaging
results, indicating that immunoPET using
897r-DFO-GC33 accurately visualizes the ex-
pression levels of GPC3 in mice. Moreover, the
above PET imaging and ex vivo biodistribution
data strongly demonstrate that GPC3 deficien-
cy was persistently sustained in HepG2-KO and
Hep3B-KO xenografts.

Discussion

GPC3 is a biomarker of hepatocellular carcino-
ma, but its role in pathogenesis is unclear. To
the best of our knowledge, the present study is
the first to engineer and fully characterize
GPC3-KO liver cancer cell lines to facilitate
development of a GPC3 targeted immunoPET
agent (89Zr-DFO-GC33). In this study, we gener-
ated stable GPC3-KO cell lines in HepG2 and
Hep3B via the CRISPR/Cas9 gene editing sys-
tem and confirmed deletion at both gene and
protein levels. The results of this study con-
firmed previous findings: GPC3 is an oncogenic
protein, and its deficiency resulted in reduced
cell proliferation, migration, invasion, and in
vivo tumor growth compared to their wildtype
counterparts. In addition, GPC3 is linked to
several signaling pathways, including WNT
pathway. We also revealed unprecedented evi-
dence highlighting the effect of GPC3 deficien-
cy on the MAPK/ERK pathway in liver cancer
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Figure 6. Impact of GPC3 knockout on cellular signaling in liver cancer cells. (A) Western blot analysis of cell-cycle
related molecules, (B) signaling pathways, and (C) cytoplasmic and nuclear protein fractions in HepG2 and Hep3B
parental and GPC3 knockout cells. The numerical values beneath the blot images represent the expression levels
measured as fold-change. The cytoplasmic proteins were normalized using anti-calnexin antibody, while the nuclear
proteins were normalized using anti-lamin B1 as a loading control. WC, wildtype cytoplasmic fraction; WN, wildtype
nuclear fraction; KC, GPC3 knockout cytoplasmic fraction; KN, GPC3 knockout nuclear fraction. Additionally, the
impacts of ERK and AKT inhibitors on HepG2 and Hep3B parental and GPC3 knockout cells was investigated. Cells
were seeded at 2 x 10° cells and then treated with GDC0994 (ERK inhibitor, 5 and 10 uM) (D) or MK2206 (AKT
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inhibitor, 2.5 and 5 uM) (E) after 24 h. Viable cell numbers were counted on day 2. The data are presented as the
mean * SD. Differences in cell viability were statistically assessed using the t-test. *, P<0.05; **, P<0.01; ***,

P<0.001.
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Figure 7. Validation of GPC3 knockout by GPC3-targeted immunoPET imaging and biodistribution in xenograft mod-
els. A. Representative MIP-PET/CT images of 8Zr-DFO-GC33 in HepG2 xenografts (WT and KO) and Hep3B xeno-
grafts (WT and KO) at 72 h post-injection (n=3, respectively). The tumor is indicated by white dotted circles. PET
images display radioactivity calibrated in standardized uptake values (SUV). B. Biodistribution data of 8°Zr-DFO-
GC33 in the major organs of HepG2-WT and HepG2-KO xenografts at 72 h post-injection. Comparison of tumor-to-
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blood ratio and tumor-to-muscle ratio of 8Zr-DFO-GC33 at 72 h post-injection between HepG2-WT and HepG2-KO
xenografts. Data are present as the mean * SD (n=3, respectively). C. Biodistribution data of 8Zr-DFO-GC33 in the
major organs of Hep3B-WT and Hep3B-KO xenografts at 72 h post-injection. Comparison of tumor-to-blood ratio
and tumor-to-muscle ratio of 8Zr-DFO-GC33 at 72 h post-injection between Hep3B-WT and Hep3B-KO xenografts.
Data are presented as the mean + SD (n=3, respectively). Radioactivity uptakes in biodistribution were calculated
as the percentage of the injected activity per gram of tissue (%lA/g). Statistical significance in biodistribution data
and tumor-to-organ ratio calculation was determined by the t-test. A p-values of <0.05 was considered statistically

significant: *, P<0.05; **, P<0.01.

cells. Furthermore, using a previously described
GPC3-targeted immunoPET agent, we con-
firmed the ability to discern GPC3-positive from
-negative xenograft models [37]. Moreover,
positive uptake on GPC3 immunoPET suggests
increased aggressiveness. As disease models,
these isogenic cell lines can serve a critical role
in developing GPC3-directed therapies for can-
cers with GPC3 expression, especially liver
cancer.

Although it is known that GPC3 plays a crucial
role in liver cancer tumorigenesis and progres-
sion, its impact on cell proliferation remains
controversial. A previous study reported that
overexpression of GPC3 in Huh7, a liver cancer
cell line with low intrinsic GPC3 expression,
inhibited cell proliferation and invasion through
induction of apoptosis [40]. Additionally, Lin et
al. reported hepatocyte growth inhibition of
GPC3 using hepatocyte-targeted GPC3 trans-
genic mice [41]. Conversely, prior studies
showed that the knockdown of GPC3 expres-
sion using GPC3-targeted small interfering RNA
(siRNA) effectively inhibited liver cancer cell
proliferation, migration, and invasion [42-45].
Cheng et al. also observed excessive cell prolif-
eration in NIH3T3 cells following transfection
with GPC3 [46]. These data suggest that the
role of GPC3 in cell proliferation may hinge on
its environmental context.

In the present study, we confirmed that knock-
out of GPC3 resulted in reduced liver cancer
cell proliferation, migration, and invasion com-
pared to parental cells. Furthermore, we dem-
onstrated that CDK4, Cyclin D3, and survivin
were significantly reduced in GPC3 deficient
HepG2 cells, while expression of p27 Kipl, a
negative regulator of cell proliferation, was
increased in GPC3-KO HepG2 cells. Similarly,
the expression of CDK4/6, Cyclin D1, and
N-myc was downregulated in GPC3 deficient
Hep3B cells (Figure 6A). These data demon-
strate that GPC3 plays an important role in the
regulation of liver cancer cell proliferation, but
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the molecular mechanism underlying GPC3
mediated cell proliferation differs between
these two liver cancer cell lines. This is unsur-
prising, given that HepG2 is a hepatoblastoma
while Hep3B is a hepatocellular carcinoma line.
GPC3 may play different roles in these two liver
tumor subtypes.

Investigating the specific pathogenic role of
GPC3in liver cancer provides an opportunity to
identify additional, potentially synergistic, ther-
apeutic targets. Previous studies have shown
that GPC3 is involved in the modulation of
various signaling pathways, including WNT/[3-
catenin [47], Hippo/Yes-associated protein
(Hippo/YAP) [44], fibroblast growth factor/FGF
receptor (FGF/FGFR) [48, 49], Insulin-like
growth factor/IGF receptor (IFG/IGFR) [46], and
hepatocyte growth factor/tyrosine kinase MET
(HGF/Met) [48, 50]. Interestingly, GPC3 has
been shown to interact with some of these
growth factors and modulate their activity
through its heparin sulfate chains [51]. This
finding was underscored by the discovery that
mRNA and protein levels of these growth fac-
tors were downregulated by GPC3 knockdown
using siRNA in HepG2 [52]. It has also been
shown that GPC3 binds to FGF2 via its heparin
sulfate side chains [48], and sulfatase 2
enhances its expression, promoting FGF signal-
ing [49]. However, Kwack et al. demonstrated
that GPC3 inhibits FGF2-mediated cell prolifer-
ation in HCC cells [53]. In our work, we show
down-regulation of p-AKT, p-NFkB, and p-mTOR
in GPC3 knockout liver cancer cells, which
could, in part, be explained by the activation
of the phosphoinositide 3-kinase (PI3K)/AKT
pathway via FGF2/FGFR binding.

A previous study demonstrated that mTOR, a
downstream activator of AKT signaling, con-
trols NF-kB activity in PTEN-null/inactive pros-
tate cancer cells [54]. This suggests that the
PI3K/AKT pathway is closely linked to the NFkB
and mTOR pathways. Wu et al. also reported a
positive correlation between GPC3 expression
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and p-MAPK/ERK in 45 HCC patients. In addi-
tion, authors showed that administration of
exogenous soluble GPC3 increased p-MAPK/
ERK levels in a dose-dependent manner in liver
cancer cells, leading to cell migration and inva-
sion [42]. By contrast, we found that the MAPK/
ERK pathway is upregulated in GPC3 knockout
liver cancer cells, which made these cells more
susceptible to ERK inhibition with GDC09994
than parental lines. This discordance may
be explained through possible binding bet-
ween excess soluble GPC3 and receptors
upstream to MAPK/ERK, such as G-protein
coupled receptors, receptor tyrosine kinases,
or integrins. Collectively, GPC3 is involved in
the crosstalk among various oncogenic path-
ways, suggesting that targeting GPC3 could be
potential therapeutic strategy against liver
cancers.

Among oncogenic signaling pathways, the
activation of the canonical WNT/B-catenin sig-
naling pathway is a common feature in liver
cancer. GPC3 promotes cell proliferation by
acting as a coreceptor for WNT proteins [55,
56]. The GPC3 core protein interacts with
the WNT/Frizzled (FZD) complex to promote
WNT/B-catenin signaling in HCC cells [57].
Furthermore, GPC3 expression significantly
correlated with the nuclear/cytoplasmic local-
ization of B-catenin, suggesting that GPC3 is
involved in the activation of the WNT signaling
pathway [52, 55]. Corroborating previous stud-
ies, we found that nuclear translocation of
B-catenin was significantly inhibited in GPC3
deficient HepG2 and Hep3B cells compared to
their respective wild type lines, while the cyto-
plasmic B-catenin level was slightly reduced
in GPC3 deficient HepG2 cells (Figure 6C).
Loss of B-catenin transcriptional activity lead
to decreased tumor growth, reduced tumor
invasion, and inhibited metastasis formation
in vivo using a metastatic breast mouse mo-
del [58]. These data suggest that GPC3 is
involved in nuclear/cytoplasmic translocation
of B-catenin and interfering with this process
may be a potential therapeutic strategy. Furth-
er studies are needed to clarify the precise
mechanism of GPC3 underlying [B-catenin
translocation and activation in liver cancer.

The role of GPC3 in tumor growth has been
explored using xenografts from both HepG2
and Hep3B, demonstrating that the tumor
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growth of GPC3 knockdown xenografts was sig-
nificantly slower than that of wild-type xeno-
grafts [59]. Li et al. found that tumors did not
develop when inoculated mice with GPC3
knockout Hep3B cells [57]. The authors estab-
lished a stable GPC3 knockout cell line using
CRISPR/Cas9, targeting the promoter region
with gRNA. In a recent report, delayed tumor
growth was noted in GPC3 knockout Hep3B
xenografts compared to the wild-type group
[60]. Disparate findings may be attributed to
differences in tumor cell clonal heterogeneity
or variation and differences in the disrupted
regions within the GPC3 gene. Consistent with
some previous reports, we found that the
GPC3 deficient HepG2 group exhibited signifi-
cantly slower tumor growth and reduced tumor
weight compared to the control group. Although
GPC3 knockout in liver cancer cells did not
completely inhibit tumorigenesis, it is clear that
GPC3 plays an important role in liver cancer
tumorigenesis and progression in these cell
lines.

The correlation between GPC3 and AFP expres-
sion levels in liver cancer has been previously
studied, but its relation has remained undeter-
mined. Previous studies indicated that serum
GPC3 levels did not exhibit correlations with
serum AFP level, tumor size, stage, or metasta-
sis in liver cancer patients [52, 61, 62]. Xie
et al. reported a positive correlation trend
between serum GPC3 and AFP levels using an
Affirm-Mab chemiluminescence immunoassay
[63]. Recently, Li et al. also demonstrated a
notable difference in the serum AFP levels
between the GPC3-KO group and the Hep3B
WT group. Serum AFP levels were relatively high
in the Hep3B WT group, while they were barely
detectable in GPC3-KO Hep3B xenografts that
failed to form tumors. Interestingly, the re-
expression of WT or mutant GPC3 in GPC3-KO
cells showed a similar pattern to the tumor
size formed, suggesting a potential correlation
between GPC3 and serum AFP levels [57]. In
contrast, we observed that there is no mean-
ingful association between serum AFP levels
of GPC3 deficient and parental xenografts.
Further studies are needed to elucidate the
potential link between GPC3 and AFP in liver
cancetr.

Despite the conflicting data regarding the bio-
logical role of GPC3 in liver cancer, its presence
in the majority of HCC and some hepatoblasto-
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mas underscores its potential role as a diag-
nostic and therapeutic target. Early detection
and diagnosis of HCC is a critical first step in
improving patient survival. Because it is chal-
lenging to identify residual or recurrent disease
using conventional imaging, such as CT or MR,
several imaging and therapeutic agents look-
ing at different targets are being studied to
address this unmet clinical need [64-67].
8F-Fluorodeoxyglucose (FDG) PET, which is
commonly used in other cancer histologies, is
not routinely employed for HCC because it lacks
both sensitivity and specificity. In this context,
GPC3 has emerged as a favored target for HCC
diagnosis and therapy.

GPC3-selective imaging was first described by
Sham et al. using a monoclonal antibody PET
probe in HepG2 orthotopic xenografts [27]. PET
imaging using novel GPC3-specific probes,
such as '8F- or ®®Ga-labeled GPC3 peptides
[68-70] and '?*l-labeled GC33 [30], showed
good sensitivity for the detection of GPC3
expression in tumors. Here, we demonstrated
that 8Zr-DFO-GC33 accumulated exclusively in
GPC3+ xenografts. These data suggest that
GPC3-targeted imaging can detect GPC3-
expressing liver cancer cells and, perhaps, be
used to assess therapeutic response to liver-
directed therapies, such as ablation, emboliza-
tion, and stereotactic radiotherapy, as well as
novel GPC3-targeted therapy, including chime-
ric antigen receptor (CAR) T cell therapy [71]
and radiopharmaceutical therapy [32, 33, 70].

In conclusion, we engineered GPC3-KO liver
cancer cell lines and show that they exhibit
lower proliferation, invasion, migration, and
suppressed tumor growth kinetics compared to
parental lines. We confirmed that GPC3 acti-
vates the AKT/NFKB/WNT signaling pathway
and observed compensatory upregulation of
pMAPK/ERK1/2 in GPC3-KO cells. Notably, the
inhibition of MAPK/ERK1/2 using GDC09994
exhibited greater efficacy in GPC3-KO cells
than their WT counterparts. Conversely, AKT
inhibition using MK2206 showed a higher
response in WT cells than in GPC3-KO liver can-
cer cells, suggesting that therapeutic strate-
gies for liver cancer patients should be tailored
based on GPC3 expression. Furthermore, we
demonstrate exclusive target engagement in
GPC3+ xenografts using our GPC3-selective
immunoPET agent. The GPC3-KO cell lines
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engineered in this study, when paired with the
parental lines, could be a valuable tool for
developing diagnostic or therapeutic agents for
patients with liver cancer.
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Supplementary Figure 1. Knockout of GPC3 expression in HepG2 and Hep3B cells using CRISPR/Cas9. Single-cell
clones KO-LG3 (A) and KO-VG5 (B) were chosen for subsequent analysis in HepG2 and Hep3B, respectively.
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Supplementary Figure 2. Immunofluorescence staining with isotype control. The isotype control was negative in
both HepG2 (A) and Hep3B (B) parental cells as well as in cells deficient in GPC3. Scale bars are shown for 20 um.
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Supplementary Figure 3. Tumor volume growth curves for individual mice with parental and GPC3-KO cells. A.
Growth curves depicting tumor volume over time for individual mice inoculated with HepG2 WT and GPC3-KO cells.
B. Growth curves depicting tumor volume over time for individual mice inoculated with Hep3B WT and GPC3-KO
cells. Tumors were subcutaneously inoculated into BALB/c nu/nu mice, and tumor volumes were estimated based
on caliper measurements conducted three times per week throughout the course of tumor growth.
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Supplementary Figure 4. Association between alpha fetoprotein and GPC3. A. Serum alpha fetoprotein (AFP) levels
in xenograft tumors derived from HepG2 and Hep3B wild type and GPC3 knockout cells. B. Correlation between
serum AFP levels and tumor volume.
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Supplementary Figure 5. Effects of GPC3 knockout on gene expression profiles in HepG2 and Hep3B cells. A.
Heatmap representation of differentially expressed genes upon GPC3-KO, relative to parental liver cancer cells.
Expression values of genes are scaled by row. B. GSEA plots of top enriched GO BP gene sets downregulated in
Hep3B cells.
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Supplementary Figure 6. Phospho-AKT and Phospho-MAPK/ERK array analysis of parental and GPC3 knockout
liver cancer cells. Protein extracts (500 ug each) were prepared from whole-cell lysates of both WT and GPC3-KO
cultures of HepG2 (A) or Hep3B (B) cells. These extracts were then subjected to analysis using the phosphorylated
protein array (Raybiotech) for analysis. Array spots were visualized according to the manufacturer’s instructions.
The intensity of each array spot was measured in arbitrary units using the ChemiDoc MP Imaging system (Bio-Rad)
and analyzed with ImageQuant 5.2 (Molecular Dynamics Inc.). The resulting plots depict the relative fold change of
phosphorylated AKT (in blue) and MAPK/ERK (in red) signaling molecules against the logarithm of their p-values.
Volcano plots were generated through a multiple t-test comparison between WT and GPC3-KO conditions, employing
Prism (ver. 10, GraphPad Software) for statistical analysis.



