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Abstract

Glypican-3 (GPC3), a membrane-bound heparan sulfate proteoglycan, has long been found to be dysregulated in human I®
adenocarcinomas (LUADs). Nevertheless, the function, mutational profile, epigenetic regulation, co-expression profile, and
clinicopathological significance of the GPC3 gene in LUAD progression are not well understood. In this study, we analyzed
cancer microarray datasets from publicly available databases using bioinformatics tools to elucidate the above parameters. We
observed significant downregulation of GPC3 in LUAD tissues compared to their normal counterparts, and this downregulation
was associated with shorter overall survival (OS) and relapse-free survival (RFS). Nevertheless, no significant differences in the
methylation pattern of GPC3 were observed between LUAD and normal tissues, although lower promoter methylation was
observed in male patients. GPC3 expression was also found to correlate significantly with infiltration of B cells, CD8+, CD4+,
macrophages, neutrophils, and dendritic cells in LUAD. In addition, a total of 11 missense mutations were identified in LUAD
patients, and ~1.4% to 2.2% of LUAD patients had copy number amplifications in GPC3. Seventeen genes, mainly involved in
dopamine receptor-mediated signaling pathways, were frequently co-expressed with GPC3. We also found 11 TFs and 7 miRNAs
interacting with GPC3 and contributing to disease progression. Finally, we identified 3 potential inhibitors of GPC3 in human
LUAD, namely heparitin, gemcitabine and arbutin. In conclusion, GPC3 may play an important role in the development of LUAD
and could serve as a promising biomarker in LUAD.

Abbreviations: CNAs = copy number alterations, GEPIA2 = Gene Expression Profiling Interactive Analysis 2, GPC3 =

Glypican-3, LUAD = lung adenocarcinoma, miBNAs = MicroRNAs, NSCLC = non-small cell lung cancer, OS = overall survival,
RFS = relapse-free survival, TCGA = The Cancer Genome Atlas, TFs = transcription factors, Wnt = Canonical Wnt signaling

pathway.
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1. Introduction

Lung cancer is one of the most common malignancies and is the
leading cause of cancer-related deaths worldwide./"* Non-small
cell lung cancer (NSCLC), which accounts for approximately
84% of all lung cancer cases,>* is divided into 3 histological
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subtypes: adenocarcinoma, squamous cell carcinoma, and large
cell carcinoma.®! Among these subtypes, lung adenocarcinoma
(LUAD) is the most commonly diagnosed subtype,”! accounting
for more than 50% of all NSCLC and approximately 40% of all
lung cancer cases, with a dismal 5-year overall survival (OS) rate
of 4% to 17%.1%'Y1 Despite extensive research and improved
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therapeutic approaches, LUAD is often diagnosed at a late stage
with lymph node or distant metastases.!®1?! Therefore, there is
an urgent need to search for potential biomarkers with accurate
specificity and high sensitivity for effective early diagnosis and
personalized treatment of LUAD.

Glypican-3 (GPC3) belongs to a family of membrane-bound,
heparan sulfate proteoglycans. This protein, also known as
GTR2-2,SGBS1, DGSX, SGB, OCI-5, MXR7, SDYS, and SGBS,
was first discovered in 1996 in patients with Simpson-Golabi-
Behmel syndrome.!'>'¥ It remains attached to the outer sur-
face of the cell membrane via a glycosyl-phosphatidylinositol
lipid anchor!™! and modulates the signaling of heparin-binding
growth factors, such as Wnts, Hedgehog proteins, fibroblast
growth factors, and bone morphogenic proteins,/'*"! thereby
regulating cell proliferation, differentiation, adhesion, migration
and apoptosis.?*?Y Depending on the cellular context, GPC3
can activate or inhibit these signaling pathways. In general,
upregulation of GPC3 suppresses cell proliferation in tissues
where Hh signaling predominantly modulates proliferation. In
contrast, overexpression of GPC3 triggers cell proliferation in
tissues where proliferation is controlled by the canonical Wnt
signaling pathway.*>2¢ In addition, GPC3 expression also varies
according to tissue type. High expression of GPC3 is reported in
cancer tissues where it is normally suppressed, while low expres-
sion is observed in tumors derived from tissues where it is nor-
mally expressed.?”?8! This dual role, in which GPC3 can both
inhibit and promote cell proliferation depending on the con-
text, highlights its complex regulatory dynamics. The expres-
sion of GPC3 also differs according to lung cancer subtypes.
It has been reported that the expression of GPC3 is increased
in lung squamous cell carcinoma but decreased in LUAD.!2%:4l
The protein has also been recognized as a tumor suppressor?”!
and its overexpression is defined as a promising predictor of
prolonged survival in patients with LUAD.*! However, despite
these intriguing observations, a comprehensive characterization
of GPC3 expression in LUAD using advanced data mining tools
is lacking. Such tools can provide unprecedented insights into
gene expression patterns, uncover associations, and generate
hypotheses that traditional studies may overlook.

In addition, while numerous studies, including a comprehen-
sive review by Abbasian et al,3!l have highlighted genomic and
proteomic biomarkers for the early detection and treatment of
NSCLC, the role and importance of GPC3 in LUAD remain
underexplored. Therefore, in the current study, we sought to
analyze publicly available cancer microarray datasets to investi-
gate the mRNA expression, methylation pattern, and mutational
profile (including copy number alterations; CNAs) of GPC3 in
LUAD, as well as the relationship among these variables. We
also evaluated the role of GPC3 expression in immunological
infiltration in LUAD and investigated the potential prognostic
value of GPC3 in predicting survival of LUAD patients. Besides,
we analyzed the co-expression profile of GPC3 and performed
gene ontology and pathway enrichment analysis to reveal the
role of GPC3-associated pathways in LUAD carcinogenesis.
MicroRNAs (miRNAs) and transcription factors (TFs) associ-
ated with GPC3 were also analyzed, and drugs that could target
this potential tumor suppressor gene were identified.

2. Materials and methods

2.1. Ethics statement

Ethical approval was not required for this study as it is an iz
silico/data mining analysis that did not involve obtaining data
from humans or patients.

2.2. Analysis of GPC3 gene expression

Datasets were extracted from the Oncomine (https://www.onco-
mine.org/resource/login.html),32331 Gene Expression Profiling
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Interactive Analysis 2 (GEPIA2) (http://gepia2.cancer-pku.cn/#in-
dex),* and UALCAN (http://ualcan.path.uab.edu/index.html)?!
databases in January 2022 and used for analysis of the GPC3
mRNA expression in different cancer types and the correspond-
ing healthy tissues. The threshold for analysis in Oncomine was
set as follows: P value: le-4, fold change: 2, gene ranking: 10%.
In GEPIA2 and UALCAN databases, the expression patterns of
GPC3 in 33 different cancers included in The Cancer Genome
Atlas (TCGA) data were compared with paired normal tissues.
GPC3 expression analysis was performed using default settings
in these databases. Further, the mRNA expression level of GPC3
in different subtypes of lung cancer was compared to that of nor-
mal lung tissues using the same threshold settings.

2.3. Evaluation of the correlation between GPC3
Expression and Patient Survival

We performed patient survival analysis to evaluate the clinical
significance of GPC3 expression in LUAD Multivariate sur-
vival analysis by Cox regression using PrognoScanl*®! was per-
formed to evaluate OS and relapse-free survival (RFS) in LUAD
patients with high and low GPC3 expression. A P value < .05
was considered statistically significant. In addition, an inte-
grated meta-analysis was performed to combine data from dif-
ferent cancer microarray datasets, to evaluate the translational
relevance of GPC3 expression with survival in LUAD patients.
GraphPad Prism 5.0 was then used to generate the forest plots
of the meta-analysis.

2.4. Analysis of GPC3 methylation

The promoter methylation of GPC3 in LUAD patients was
assessed in the TCGA datasets using the UALCAN database
with default settings.*’! The effect of GPC3 promoter methyl-
ation on its transcript expression in LUAD was then analyzed
according to the different clinicopathological characteristics
of the patients, including the sample types (normal vs. tumor),
individual cancer stages, race, sex, age, and smoking habits.

2.5. Correlation of GPC3 expression with immunological
infiltration

The correlation between GPC3 expression and immunolog-
ical infiltration was investigated using TIMER (https://cis-
trome.shinyapps.io/timer/),?” which provides information
on the infiltration of B-cells, T-cells (CD4+ and CD8+), neu-
trophils, macrophages, and dendritic cells in various types of
tumor.

2.6. Analysis of GPC3 mutations and CNAs

The mutations and CNAs of the GPC3 gene in LUAD were
analyzed using the cBioPortal platform (http://www.cbio-
portal.org/).’%3 The location, frequency, and the pattern of
mutations were assessed in 3 TCGA datasets that contain
information on LUAD. CNAs derived from RNA-seq data
were plotted with the mRNA expression data using cBioPor-
tal. Correlation between GPC3 mRNA expression and CNAs
was measured using one-way ANOVA in GraphPad Prism 5.0

version.

2.7. Correlation between GPC3 and other common
biomarkers
The Oncomine database was used to identify genes co-expressed

with GPC3 in LUAD. The correlation between the expression of
GPC3 and the top 10 genes in LUAD patients was examined
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using TCGA data through the Lung Cancer Explorer server.*!
The correlation between top 10 genes and tumor purity was
investigated using TIMER to confirm whether these genes are
potentially correlated biomarkers with GPC3.

2.8. Profiling of GPC3 pathways and GO

The PANTHER web portal is a widely used comprehensive
enrichment analysis server that can comparing multiplegenomics
datasets. The common signaling pathways and GO of GPC3 and
the co-expressed genes were analyzed using PANTHER (http://
pantherdb.org/)*! and the results were presented as a series of pie
charts using the Microsoft Excel. For both cases, we considered
the cox P value less than .05 as statistically significant.

www.md-journal.com

2.9. Identification of miRNAs and TFs interacting with GPC3

The miRNAs and TFs interacting with GPC3 were identi-
fied using NetworkAnalyst v3.0.1*?1 The constructed miRNAs
and TFs interaction network was redesigned using Cytoscape
v3.7.1 The expression of GPC3-related miRNAs in LUAD was
then analyzed in TCGA datasets using UALCAN with default
settings.

2.10. Identification of GPC3-targeting drugs

Drugs that can target the GPC3 protein were identified in the
DSigDB database via Enrichr.**! A cox P value of < .05 was used
to indicate statistical significance.

Cell color is determined by the best gene rank
percentile for the analyses within the cell.
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Figure 1. GPC3 transcription and expression levels in different types of cancer. The expression of GPC3 was ostensibly lower in lung cancer tissues compared
to the normal counterparts. (A) The graphical representation generated from Oncomine shows the comparison between GPC3 mRNA expression in cancer
tissues (left column) and normal tissues (right column). Overexpression was indicated with red color and underexpression with blue, and the numbers indicate
statistically significant datasets. (B) Data retrieved from the Cancer Genome Atlas via GEPIA2 show the GPC3 gene expression profile in 33 types of human
cancer and the paired normal tissues. (C) GPC3 mRNA expression in different cancer types derived from the UALCAN database. Boxes represent median and
25th and 75th percentiles. Boxplots represent outliers. Blue boxes represent normal tissues and red boxes represent tumor tissues.



http://pantherdb.org/
http://pantherdb.org/

Imon et al. ® Medicine (2023) 102:45

3. Results

3.1. Expression of GPC3 in different cancers

Data on the expression pattern of GPC3 in different cancers
were mined using 3 different bioinformatics databases, namely
Oncomine, GEPIA2, and UALCAN. In all 3 databases, we found
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discrepancies in the mRNA expression of GPC3 between cancer
tissues and their healthy counterparts. In Oncomine, using the
threshold parameters of fold-change > 2, P value < 1E-4 and
top 10% gene ranking, we found approximately fifty significant
datasets that revealed alterations in GPC3 expression in vari-
ous cancer tissues compared to their normal counterparts. These

Comparison of GPC3 mRNA expression levels in different lung cancer subtypes with their non-cancerous counterparts using

Oncomine datasets.

Dataset Cancer type (vs normal) Reporter Id Pvalue Fold change
Beer Lung LUAD L47125_s_at 8.33E-20 —34.866
Bhattacharjee Lung LUAD 39350_at 6.62E-09 —-18.064
Bhattacharjee Lung Lung carcinoid tumor 39350_at 2.39E-12 —59.581
Su Lung LUAD 209220_at 3.48E-13 —4.352
Selamat Lung LUAD ILMN_2051972 8.82E-33 -5.006
Stearman Lung LUAD 39350_at 7.80E-09 —6.549
Landi Lung LUAD 209220_at 5.22E-22 -3.785
Okayama Lung LUAD 209220_at 6.70E-16 -3.738
Garber Lung LUAD IMAGE:878564 5.97E-05 -3.315
Hou Lung LUAD 209220_at 4.29E-15 —4.581
A C Meta-analysis
LUAD; OS; Z37987_s_at LUAD; OS; 209220_at
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Figure 2. Correlation between GPC3 expression and survival of LUAD patients. (A, B, and D) Survival curves for OS, and (E) survival curves for RFS. High and
low GPCS3 expression are indicated by red and blue, respectively. (C and F) Meta-analysis of the correlation between mRNA expression level of GPC3 gene and

OS and RFS in LUAD patients.

Hazard ratio of the correlation between GPC3 mRNA expression and LUAD patient survival in different datasets.

Multivariate analysis

Dataset Survival type Probe ID N Hazard ratio Pvalue
jacob-00182-CANDF 0S 209220_at 82 0.97 [0.67-1.39] 865794
HARVARD-LC 0S 39350_at 84 0.78[0.55-1.10] 161652
jacob-00182-HLM 0S 209220_at 79 0.67 [0.44-1.02] .065004
MICHIGAN-LC 0S 737987_s_at 86 0.551[0.33-0.91] .020207
jacob-00182-MSK 0S 209220_at 104 0.70[0.47-1.04] 075571
GSE13213 0S A_24 P57631 117 0.95[0.79-1.13] 561613
GSE31210 0S 209220_at 204 0.57 [0.38-0.85] .005376
GSE31210 RFS 209220_at 204 0.451[0.33-0.61] .000001
jacob-00182-UM 0S 209220_at 178 0.75[0.58-0.97] .026432
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analyses revealed that GPC3 transcript expression was com-
paratively downregulated in lung, breast, head and neck, and
kidney cancers, as well as in melanoma and sarcoma (Fig. 1A).
Of note, the decrease in GPC3 expression was greater in lung
cancer than in all other cancers (Fig. 1A).

We further examined GPC3 transcript expression in 33
types of human cancer and their corresponding normal tissues
using GEPIA2 (Fig. 1B). We found that most cancer types (N =
23), including lung cancer, had lower GPC3 expression com-
pared to their normal counterparts. Subsequent analysis using
the UALCAN database also showed that GPC3 was underex-
pressed in several cancer types, including cancers of the lung,
bladder, breast, colon, esophageal, head and neck, kidney, and
thyroid (Fig. 1C).

Taken together, all of the above data suggest an apparent
decreased expression of GPC3 in various cancers. Moreover,
the expression of GPC3 transcripts was ostensibly lower in
lung cancer in all 3 databases compared to normal lung tissues,
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suggesting the tumor-suppressive function of the GPC3 gene in
normal lung tissue and that its loss of function may lead to lung
tumorigenesis.

3.2. GPC3 expression in different subtypes of lung cancer

To examine the mRNA expression levels of GPC3 in
the different lung cancer subtypes, each dataset in the
Oncomine database was analyzed individually (Figure STA-
F, Supplemental Digital Content, http://links.lww.com/MD/
K465). Of 10 significant datasets, 9 showed lower GPC3
expression in LUAD (with the remaining dataset showed
GPC3 underexpression in lung carcinoid tumors). The
detailed information of these datasets with the correspond-
ing statistical significance and fold change information are
shown in Table 1. In view of this result, we focused our
subsequent analyses on LUAD only.

Correlation between the mRNA expression and promoter methylation level of GPC3 and the clinicopathological parameters of LUAD.

Parameters mRNA expression N Pvalue Promoter methylation N Pvalue
Sample type

Normal t 59 0 32

Primary tumor 1 515 <1E-12 1 473 3.51E-01
Cancer stage

Normal t 59 1 32

Stage 1 1 277 1.89E-15 1 260 1.54E-01

Stage 2 1 125 <1E-12 t 115 9.01E-01

Stage 3 1 85 <1E-12 1 73 2.53E-01

Stage 4 \ 28 3.01E-03 t 20 5.89E-01
Ethnicity

Normal t 59 ! 32

Caucasian \ 387 <1E-12 t 366 2.59E-01

African-American 1 51 1.62E-12 1 52 6.38E-01

Asian 4 8 3.17E-04 1 6 9.54E-01
Sex

Normal t 59 [ 32

Male 4 238 <1E-12 1 219 5.45E-04

Female 1 276 1.11E-16 1 254 1.62E-05
Age

Normal 1 59 ! 32

21-40 yr i 12 1.62E-12 1 5 2.47E-01

41-60 yr I 90 2.14E-12 1 149 4.82E-01

61-80 yr N\ 149 <1E-12 1 276 3.20E-01

81-100 yr 4 32 9.64E-09 1 24 9.42E-01
Smoking habit

Normal t 59 l 32

Nonsmoker ! 75 5.69E-12 t 68 1.33E-02

Smoker 4 118 1.62E-12 1 108 5.69E-01

Reformed smoker (<15 years) ! 135 1.03E-08 t 152 1.26E-01

Reformed smoker (>15 years) l 168 <1E-12 t 127 6.12E-01
Tumor histology

Normal 1 59 1 32

Lung adenocarcinoma-not otherwise specified ! 320 <1E-12 t 309 2.92E-01

Lung adenocarcinoma mixed subtype l 107 <1E-12 t 84 9.35E-01

Lung clear cell adenocarcinoma l 2 1.28E-02 t 65 3.83E-01

Lung solid pattern predominant adenocarcinoma 1 5 5.61E-11

Lung acinar adenocarcinoma [ 18 1.80 E-05

Lung bronchioloalveolar carcinoma mucinous ! 5 3.38E-11

Mucinous carcinoma l 10 1.62E-12

Lung papillary adenocarcinoma l 23 1.68E-10

Lung mucinous adenocarcinoma t 2 6.99E-01

Lung micropapillary adenocarcinoma l 3 1.63E-12
Nodal metastasis status

Normal t 59

No regional lymph node metastasis ! 331 1.62E-12

Metastases in 1 to 3 axillary lymph nodes (N1) ! 96 <1E-12

Metastases in 4 to 9 axillary lymph nodes (N2) l 74 <1E-12

Metastases in 10 or axillary lymph nodes (N3) 1 2 1.18E-02
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Datasets from GEPIA2 (involving 483 tumors and 347 controls)
and UALCAN (involving 515 tumors and 59 controls) were then
used to further evaluate the expression of the GPC3 transcript in
LUAD. We obtained similar results showing underexpression of
GPC3 in LUAD (Figure S1G and H, Supplemental Digital Content,
http:/links.lww.com/MD/K4635, respectively). Overall, mining of
the gene expression data in these databases revealed that GPC3 is
downregulated in LUAD compared to healthy lung tissues.

3.3. Correlation between GPC3 expression and luad patient
survival

To gain deeper insight into the correlation between GPC3
mRNA expression and patient survival in LUAD, the
PrognoScan online platform was used. Survival curves obtained
from this database showed that patients with low expression of
GPC3 had worse OS and RFS than patients with high expres-
sion of this gene (Figure 2A, B, D, and E). In other words, OS
and RFS were positively correlated with GPC3 expression in
LUAD patients. We performed meta-analysis to combine the
results from different datasets to estimate the prognostic value
of GPC3 expression (Figs. 2C and 2F). All hazard ratios (HRs)
were less than 1.0, and statistical significance was observed
for OS in 3 datasets (MICHIGAN-LC, GSE31210, and jacob-
00182-UM) and for RFS in GSE31210 (Table 2), indicating
that lower GPC3 expression is correlated with worse clinical
outcome. Overall, these analyses confirmed that decreased
expression of GPC3 could confer a poor prognosis in LUAD
patients.
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3.4. Correlation of GPC3 expression and methylation with
clinicopathological parameters of LUAD patients

The correlation between GPC3 expression level and clin-
icopathological parameters of LUAD was analyzed using
The Cancer Genome Atlas (TCGA) data via the UALCAN
database. Data from 515 tumors and 59 controls revealed
that GPC3 was significantly downregulated in LUAD com-
pared to the normal lung tissue, regardless of the cancer
stage, ethnicity, sex, age, and smoking habits of the patients
(Figure S2, Supplemental Digital Content, http://links.lww.
com/MD/K466). A summary of clinicopathological param-
eters associated with GPC3 mRNA expression in LUAD is
provided in Table 3. The analysis also showed no signifi-
cant change in DNA methylation level in LUAD compared
to normal counterparts (Figure S3A, Supplemental Digital
Content, http://links.lww.com/MD/K467). The GPC3 pro-
moter was also neither hypermethylated nor hypomethyl-
ated, regardless of the cancer stage, ethnicity, and age of
the patients (Figure S3B, C, and E, Supplemental Digital
Content, http://links.lww.com/MD/K467). Remarkably,
promoter methylation of GPC3 was found to be lower in
male patients (Figure S3D, Supplemental Digital Content,
http://links.Iww.com/MD/K467,).

3.5. Correlation of GPC3 expression with immunological
infiltration

We investigated whether GPC3 mRNA transcript was cor-
related with immunological infiltration in LUAD using TIMER.
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The data showed that GPC3 was positively and significantly
correlated with the infiltration of B cells, CD8+, CD4+, mac-
rophages, neutrophils, and dendritic cells in human LUAD
(Fig. 3).

3.6. CNAs and mutations of GPC3 in LUAD

To evaluate the frequency of genetic mutations and CNAs of
GPC3 in LUAD, the cBioPortal database was used. In 3 TCGA
datasets reporting LUAD (N = 1382 samples), GPC3 muta-
tions were found in 2% of the samples, with a somatic muta-
tion frequency of 0.8%. A total of 11 mutations (missense type
only) were identified between codons 0 and 580 (Fig. 4A).
These missense mutations mainly affect the glypican domain
of the GPC3 protein. Approximately 1% of clinical LUAD
cases had mutations in all 3 datasets (Fig. 4B). In addition,~
1.4% to 2.2% of LUAD patients had CNAs in GPC3. All
CNAs were copy number amplifications (Fig. 4B). The mRNA
expression (RNA Seq V2) of the GPC3 gene was also ana-
lyzed using the cBioportal web tool (Fig. 4C). No significant
correlation was found between CNAs and mRNA expression
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of GPC3 in LUAD patients in all 3 TCGA datasets (one-way
ANOVA analysis, P > .05). Overall, these results suggest that
the underexpression of GPC3 in LUAD may not be related to
mutations or CNAs, although these alterations were clearly
affect the GPC3 protein.

3.7. Co-expression profile of GPC3 and tumor purity of
correlated genes in LUAD

Next, we analyzed the Stearman dataset using Oncomine to
identify genes that are co-expressed with GPC3 in LUAD. As
shown in Figures 5A, 17 genes were frequently co-expressed
with GPC3. Among them, FHLI was the most prominently
co-expressed gene, while CD3 was the least. To validate this
result, we further analyzed the top 10 correlated genes (ABCAS,
FHL1, FBLNS, ANGPT1, CHRDL1, ERG, SVEP1, SLIT2,
MAOB, and AHNAK) with GPC3 using TCGA data through
the Lung Cancer Explorer platform. Here, FHL1 and AHNAK
emerged as the highest and lowest correlated genes, respectively,
highlighting them as potentially significant correlated biomark-
ers (Fig. 5B). In addition, analysis using the TIMER browser
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Figure 4. Frequency of mutations, CNAs, and gene expression of GPC3 in LUAD. (A) A total of 11 mutations (missense) were located between codons 0 to
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revealed that GPC3 was highly co-expressed with FHL1, while
its co-expression with AHNAK was low, desoute achieving sig-
nificant P value (Table S1, Supplemental Digital Content, http://
links.lww.com/MD/K464). Finally, we checked tumor purity as
a validation metric for biomarkers using the TIMER browser.
The data showed that all the genes were positively and signifi-
cantly correlated with the infiltration level of tumor purity in
human LUAD (Fig. 5C). These observations suggest that the
co-expression of the top 10 genes serves as closely correlated
biomarkers, and their collective influence may have an impact
on specific signaling pathways or biological functions in LUAD.

3.8. Pathway and gene ontology analyses of GPC3 and its
co-expressed genes

To understand the biological role and possible signaling path-
ways for the 17 genes positively co-expressed with GPC3 in
LUAD, gene ontology (GO) and pathway enrichment analyses
were performed using the PANTHER database. Pathway analy-
sis showed that GPC3, together with the cluster of co-expressed
genes, affected 14 cellular signaling pathways and was mainly
involved in dopamine receptor-mediated signaling pathways
(Fig. 6). Besides, GO analysis showed that the biological pro-
cesses of genes co-expressed with GPC3 were associated with
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cellular processes and biological regulation (Fig. 7A). Analysis
of the GO molecular function revealed that the binding and
catalytic activities were mainly associated with these correlated
genes (Fig. 7B). In addition, analysis of GO cellular components
showed that the GPC3 gene clusters were mainly localized on
cells, cell parts, and cell membranes (Fig. 7C).

3.9. Interactions of GPC3 with miRNAs and TFs

Using NetworkAnalyst v3.0, we found 11 TFs and 7 miRNAs
with degree centrality > 1 and betweenness centrality > 100 that
could affect the expression pattern of GPC3 and contribute to
disease progression (Figs. 8A and 8B). The miRNAs and TFs
are hsa-mir-140-5p, hsa-mir-15a-5p, hsa-mir-15b-5p, hsa-mir-
16-5p, hsa-mir-34a-5p, hsa-mir-29a-3p, and hsa-mir-19a-3p
and NKX2-5, NKX3-2, FOXC1, GATA2, PPARG, TFAP2A,
NFKB1, TP53, TFAP2C, ELFS, and NFYB (Figs. 8A and 8B).

3.10. Expression analysis of GPC3-associated miRNAs in
LUAD

The expression of miRNAs associated with GPC3 in LUAD
was examined in the UALCAN database. The hsa-mir-34a-5p,
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hsa-mir-19a-3p, hsa-mir-15a-5p, and hsa-mir-16-2p showed
high expression in LUAD compared to healthy tissues. In con-
trast, the expression of hsa-mir-15b-5p was low in LUAD com-
pared to normal tissues (Fig. 9).

3.11. Identification of GPC3-targeting drugs

The DSigDB database was used to identify drugs that may tar-
get GPC3. A total of 3 compounds were found to be potential
inhibitors of GPC3 in human LUAD, namely heparitin, gemcit-
abine, and arbutin (Table 4).

4. Discussion

In this study, we demonstrated that GPC3 expression was
significantly downregulated in LUAD and was positively cor-
related to patient survival. To our knowledge, this is the first
comprehensive computational analysis using multiple databases
that identified GPC3 as a tumor suppressor gene in LUAD and
could be used as a novel therapeutic target for the treatment
of LUAD. Our study introduces novel insights into the role of
GPC3 in LUAD, a topic not addressed in the broader review of
NSCLC biomarkers by Abbasian et al®! The distinct co-expres-
sion profile, mutational aspects, and epigenetic considerations
surrounding GPC3 highlight its potential as a critical biomarker
in LUAD. This underscores the need for continued exploration
of single genes that may hold promise even in well-studied areas
such as NSCLC.

GPC3 is a member of the glypican heparin sulfate proteo-
glycan family and its expression pattern varies according to
cancer type.>!* Several reports have demonstrated increased
GPC3 expression in hepatocellular carcinomas, nephroblasto-
mas, Wilms’ tumor, melanomas, and squamous cell carcinomas
of the lung.>*#¢! In contrast, studies in ovarian carcinomas,*”!
breast carcinomas,“**% renal carcinomas,!! mesothelio-
mas,? and LUADs!?” showed decreased expression of GPC3
compared to normal tissues. Peter et al*®! showed that over-
expression of GPC3 protein contributed to the inhibition of
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proliferation and LUAD tissues compared to normal lung
tissues.

The alteration of gene expression may occur through a com-
bination of different factors such as genetic mutations, CNAs,
and epigenetic modifications in cancer tissues.’>* Previous
studies postulated that epigenetic suppression of GPC3 mRNA
expression is caused by promoter hypermethylation.!5
Interestingly, our results contradict these previous reports. We
used TCGA data from UALCAN to perform promoter hyper-
methylation analysis. However, we did not find any significant
correlation between DNA methylation pattern and GPC3
expression. The LUAD datasets from TCGA were further ana-
lyzed to investigate the role of mutations and CNAs on GPC3
transcription. Although missense mutations and amplifications
were identified in GPC3, no statistically significant correlation
was found between the decreased expression of GPC3 and these
alterations. These results suggest that further prospective stud-
ies are needed to understand the precise molecular mechanisms
responsible for the altered expression of GPC3 in LUAD.

The present results also show that downregulation of GPC3
in LUAD patients is significantly associated with poor OS and
RFS. A multivariate analysis performed with PrognoScan data-
sets also showed a strong association between low GPC3 levels
and poorer prognosis. A meta-analysis was further performed
to combine data from different datasets to assess the correla-
tion between GPC3 expression and LUAD prognosis. While
previous meta-analyses’”*% showed that overexpression of
GPC3 was strongly correlated with unfavorable OS and DFS
in patients with hepatocellular carcinoma (P < .05 and HR >
1), our results showed that lower expression of GPC3 was sig-
nificantly associated with poor prognosis in LUAD patients (P
< .05 and HR < 1). Interestingly, our analyses are supported
by the studies of Parmigiani et al,*” which indicated that
increased GPC3 expression predicts better survival in patients
with lung adenocarcinoma. To provide a clearer conclusion on
whether underexpression of GPC3 promotes the aggressiveness
of LUAD, further studies are needed and must include a large
cohort of cancerous and complementary healthy lung tissues to
compare GPC3 expression.

Pathway Analysis of GPC3
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Figure 6. Pathway analysis of genes co-expressed with GPC3 in LUAD patients.
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GPC3 is known to regulate the innate immune system!*’!
by controlling the proteolytic activity of macrophage pha-
gosomes and modulating its expression in macrophages and
DCs.[9-¢21 Tn this study, we also found that GPC3 expression
was significantly correlated with infiltration of 6 immune cells
(B cells, CD8+ T cells, CD4+ T cells, neutrophils, macrophages,
and DCs) in LUAD. Immune cell infiltration can alter tumor
growth and recurrence, as well as response to immunotherapy
and clinical outcomes.!®>** The significant correlation between
GPC3 expression and immunological infiltration in LUAD sug-
gests that the protein product may play an important role in the
development of LUAD and its recurrence.

The co-expression network of a gene can provide insights
into the molecular mechanisms of pathogenesis./) Therefore,
we examined the co-expression profile of GPC3 using multiple
online microarray databases to identify genes that are closely
associated with GPC3 in LUAD. Among the 17 genes found to
be co-expressed with GPC3, FHL1 showed the strongest co-ex-
pression correlation. FHL1, which belongs to the 4 and a half
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LIM domain (FHL) family, functions as a tumor suppressor gene,
and its decreased expression is observed in a variety of human
cancers, including lung, gastric, breast, kidney, and prostate can-
cers.[¢¢71 Tn light of these studies, our data support a synergistic
downregulation of GPC3 and FHL1 in LUAD. The positive cor-
relation between these 2 genes also suggests that GPC3 func-
tions as an anti-oncogene and its downregulation may serve as a
potential prognostic biomarker for LUAD diagnosis. However,
further studies are needed to test this hypothesis.

Besides, our PANTHER pathway and GO analyses showed
that the dopamine receptor-mediated signaling pathway was
the most enriched pathway for genes co-expressed with GPC3.
High endothelial expression of dopamine receptor D2 (DRD2)
agonists has been reported to inhibit NSCLC tumor growth
by reducing vascular endothelial growth factor-dependent
angiogenesis.|*>®! Moreover, overexpression of DRD2 has
been reported to inhibit NF-kB signaling by attenuating pro-
tein kinase A in both lung squamous cell carcinoma and ade-
nocarcinoma cell lines.”" It is noteworthy that PKA-mediated
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Figure 8. (A) miRNAs and (B) TFs that could interact with GPC3.
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Figure 9. Expression analysis of GPC3-associated miRNAs in LUAD using UALCAN.
Table 4
Compounds that are predicted to significantly inhibit GPC3 in LUAD.
Term Pvalue Adjusted P value 0dds ratio Combined score
Heparitin (CID: 53477715) .0045 0315 19910 107587.5
Gemcitabine (CID: 60750) 01175 .0329 19765 87833.91
Arbutin (CID: 440936) 0141 .0329 19718 84030.01

activation of NF-kB promotes proliferation, invasion, and
metastasis of human lung cancer cells.”'-31 However, Wu et
al” showed that DRD2 expression was decreased in NSCLC
tissues compared to normal cells. In addition, the lower bio-
availability of dopamine due to DRD2 polymorphisms was
found to increase the risk of developing NSCLC."¥ Based
on these reports and the results of our experiment, it can be
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suggested that there is a positive relationship between DRD2
expression and GPC3 transcription, and that downregulation
of both leads to progression of LUAD. GO Enrichment analy-
ses further confirmed our findings. The underlying mechanisms
of how GPC3 interacts with the DRD2-mediated signaling
pathway have not been fully elucidated and further investiga-
tions are required.
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Both TFs and miRNAs are involved in mRNA regulation
and carcinogenesis.I”>7® It is crucial to find out how TFs, miR-
NAs, and genes interact within the TF-gene-miRNA regulatory
network, as this will help researchers find new biomarkers and
therapeutic targets for cancer.”””8! We found several miRNAs
that showed high expression in LUAD compared to healthy tis-
sues. In addition, miR-15b-5p was significantly downregulated
in human LUAD samples compared to surrounding normal tis-
sues. This observation was similar to that of colorectal cancer
and osteosarcoma, in which downregulation of miR-15b-5p
has been reported and shown to inhibit cancer progression and
metastasis.”*!1 Nevertheless, miR-15b-5p has been detected
at increased levels in gastric cancer and prostate cancer tis-
sues.7?82831 Thus, the levels and functions of miR-15b-5p appear
to be dependent on tumor type. There is still no definitive study
on the significance and function of miR-15b-5p in LUAD.

Considering the possible role of GPC3 in LUAD, it could
potentially serve as a therapeutic target in LUAD. We searched
the DSigDB database was used to identify drugs that might tar-
get GPC3, and identified heparitin, gemcitabine, and arbutin as
promising candidates. Among these, gemcitabine and arbutin
had a higher combined score than heparitin, thus offering good
prospects as GPC3-targeting drugs. Gemcitabine is a pyrimidine
nucleoside antimetabolite that has been approved for the treat-
ment of NSCLC, pancreatic cancer, bladder cancer, and breast
cancer.® Arbutin has been shown to be effective in treating
a number of diseases, including hyperpigmentation disorders,
malignancies, central nervous system disorders, osteoporosis,
and diabetes, according to a review of recent research.®s! These
2 drugs may be candidates of choice if GPC3 proves to be a
good therapeutic target and a drug targeting GPC3 is needed
in the future.

In conclusion, our analysis provides deeper insight into the
function, mutational profile, epigenetic regulation, co-expres-
sion profile, and clinicopathological significance of the GPC3
gene in LUAD progression. The present study demonstrated
that GPC3 could be a potential tumor suppressor gene and a
predictive biomarker in LUAD. Understanding the mechanism
and function of GPC3 in LUAD biology in detail may provide
important insights into its prognostic and therapeutic value.
Nevertheless, further in vivo, in vitro, and epidemiological stud-
ies should be performed to validate our research findings.
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