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Abstract

Background: Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related death worldwide, accounting for approximately 90% of all pri-
mary liver cancer cases. It has high recurrence and mortality rates, and the
molecular mechanisms underlying its pathogenesis remain unclear.

Objective: To explore the potential molecular mechanisms of HCC and identify
novel biomarkers.

Methods: Gene expression profile GSE62232 was downloaded from the GEO
database, and RNA-seq expression data and clinical information were obtained
from the TCGA database. Differentially expressed genes between normal liver
tissues and HCC tissues were identified through differential gene expression anal-
ysis. Enrichment analysis was performed on the differentially expressed genes.
Based on the gene expression data profiles of HCC from TCGA and GSE62232,
a co-expression network was constructed using the WGCNA R package to con-
duct Weighted Gene Co-expression Network Analysis (WGCNA). Modules with
clinical significance were selected, and candidate hub genes were screened. The
candidate hub genes were further analyzed for significant differential expression
between HCC tissues and normal liver tissues, as well as for significant correla-
tion with overall survival and disease-free survival of HCC patients, to ultimately
identify the hub genes. Protein expression of the hub genes was validated using
the Human Protein Atlas database.

Results: The gene expression data in this study were derived from 50 normal
liver tissue samples and 373 HCC tissue samples. Differential gene expression
analysis identified 7,230 differentially expressed genes between HCC and nor-
mal liver tissues (3,691 upregulated genes and 3,539 downregulated genes in
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HCC). Enrichment analysis revealed that upregulated differentially expressed
genes were primarily involved in cell cycle regulation and mitotic processes,
while downregulated differentially expressed genes were mainly involved in small
molecule metabolism and organic acid metabolism processes. WGCNA identi-
fied 19 gene modules associated with clinical characteristics of HCC patients.
By analyzing the relationships between modules and clinical features, the cyan
module and purple module were selected. The top two genes in the cyan module
that were strongly correlated with both overall survival and disease-free survival
of patients were VPS45 and FAM189B. The top two genes in the purple module
that were strongly correlated with both overall survival and disease-free sur-
vival were CLEC1B and FCN3. Therefore, VPS45, FAM189B, CLECI1B, and
FCN3 were identified as the final hub genes. Immunohistochemical staining
from the Human Protein Atlas database showed that VPS45 and FAM189B
were expressed at higher levels in HCC tissues than in normal liver tissues,
FCN3 was expressed at lower levels in HCC tissues than in normal liver tis-
sues, and CLEC1B showed no significant difference in expression between HCC
tissues and normal liver tissues.

Conclusion: VPS45, FAM189B, CLEC1B, and FCN3 were preliminarily iden-
tified as novel potential biomarkers for HCC. These hub genes may provide a
theoretical basis for targeted therapy of HCC.
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Abstract

Background: Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related mortality globally, accounting for approximately 90% of all pri-
mary liver cancer cases. Its recurrence and mortality rates are high, with the
underlying molecular mechanisms remaining unclear.

Objective: To explore potential molecular mechanisms of HCC and identify
novel biomarkers.
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Methods: Gene expression profile GSE62232 was retrieved from the GEO
database, and RNA-seq expression data and clinical information were down-
loaded from the TCGA database. Differentially expressed genes between normal
liver tissue and HCC tissue were identified through differential gene expression
analysis, followed by enrichment analysis of these genes. Based on the gene ex-
pression data profiles of HCC from TCGA and GSE62232, a co-expression net-
work was established using the WGCNA R package to perform weighted gene
co-expression network analysis (WGCNA). Clinically significant modules were
selected, and candidate Hub genes were screened. Candidate Hub genes were
further analyzed for significant differential expression between HCC and normal
liver tissues and for significant correlation with overall survival and disease-free
survival in HCC patients, leading to final identification of Hub genes. Pro-
tein expression of Hub genes was validated through the Human Protein Atlas
database.

Results: The gene expression data in this study were obtained from 50 normal
liver tissue samples and 373 HCC tissue samples. Differential gene expression
analysis identified 7,230 differentially expressed genes between HCC and nor-
mal liver tissue, comprising 3,691 up-regulated genes and 3,539 down-regulated
genes in HCC. Enrichment analysis showed that up-regulated differentially ex-
pressed genes were mainly involved in cell cycle regulation and mitotic processes,
while down-regulated genes participated primarily in small molecule metabolism
and organic acid metabolism. WGCNA identified 19 gene modules related to
clinical features of HCC patients. By analyzing relationships between modules
and clinical features, the cyan and purple modules were selected. In the cyan
module, the top two genes strongly associated with both overall survival and
disease-free survival were VPS45 and FAM189B. In the purple module, the top
two genes strongly associated with both overall survival and disease-free sur-
vival were CLEC1B and FCN3. Therefore, VPS45, FAM189B, CLEC1B, and
FCN3 were identified as the final Hub genes. Immunohistochemical staining
from the Human Protein Atlas database showed that VPS45 and FAM189B
were expressed at higher levels in HCC tissues than in normal liver tissues,
FCN3 was expressed at lower levels in HCC tissues, and CLEC1B showed no
obvious expression difference between HCC and normal liver tissues.
Conclusion: VPS45, FAM189B, CLEC1B, and FCN3 have been preliminarily
identified as potential novel biomarkers for HCC. These Hub genes may provide
a theoretical foundation for targeted therapy of HCC.

[Key words| Hepatocellular carcinoma; Weighted gene co-expression network
analysis; Hub gene; Molecular targeted therapy; VPS45; FAM189B; CLEC1B;
FCN3

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related
death worldwide and represents the primary cause of cancer-related mortality
in China in recent years. HCC accounts for 90% of all primary liver cancer cases.
Major risk factors for HCC pathogenesis include chronic hepatitis B virus (HBV)
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and hepatitis C virus (HCV) infection, smoking, alcohol consumption, over-
weight, non-alcoholic fatty liver disease (NAFLD), diabetes, and aflatoxin B1
intake, which cause DNA damage, epigenetic alterations, and cancer-associated
mutations that ultimately drive HCC progression. The majority of patients
are diagnosed at advanced stages. Although HCC treatment has advanced sig-
nificantly in recent years, primarily including transcatheter arterial chemoem-
bolization, molecular targeted therapy, ablation, surgical resection, and liver
transplantation, the 5-year survival rate remains low, and the 5-year recurrence
rate reaches 80-90%, resulting in poor prognosis. The precise mechanisms of
HCC development remain unclear, making it urgent and necessary to elucidate
the molecular mechanisms of HCC occurrence and progression and to develop
new diagnostic and therapeutic approaches to improve clinical outcomes.

Recent advances in high-throughput sequencing technologies have provided
novel research methods for characterizing cancer genomics, transcriptomics, and
epigenomics. Bioinformatics analysis of expression profiles has been widely used
to identify new and more effective potential biomarkers for cancer treatment
and patient prognosis. Through big data bioinformatics analysis, multiple
large-scale datasets for complex diseases, particularly cancer, can be effectively
integrated. Weighted gene co-expression network analysis (WGCNA) is an
advanced method with accurate and efficient broad gene analysis advantages,
used to construct co-expression modules based on similar gene expression
patterns and analyze correlations between clinical trait modules and different
genomes. WGCNA has been widely applied to identify clinical trait-related
modules and Hub genes in various cancers. For example, one WGCNA-based
study linked six Hub genes to progression and prognosis in human renal
cell carcinoma, while another identified four Hub genes (TOP2A, CHEKI,
TTK, and CENPA) that were highly expressed in aggressive adrenocortical
malignancies and significantly negatively correlated with overall survival.

This study combined differential gene expression analysis and WGCNA to ana-
lyze mRNA data from HCC in TCGA and GEO databases at both expression
and functional levels. Functional enrichment analysis was performed to identify
modules associated with HCC patient clinical traits and understand the poten-
tial biological functions of these co-expressed genes. Hub genes were identified
through these bioinformatics analyses and further validated through survival
analysis, expression difference analysis between HCC and normal liver tissues,
immunohistochemical staining analysis, and literature review. These results
will facilitate clinical understanding of HCC etiology and potential molecular
mechanisms and provide new therapeutic targets or biomarkers for HCC.

1. Materials and Methods
1.1 Data Sources and Data Processing

The GSE62232 gene expression profile (corresponding to 81 HCC patients;
tumor samples were frozen after hepatectomy at -80°C and compared
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with normal liver samples using Affymetrix U133plus v2 arrays [GPL570]
for comparative gene expression analysis) was retrieved from the GEO
database (http://www.ncbi.nlm.nih.gov/geo/), based on the GPL570 platform
([HG-U133_{Plus}2] Affymetrix Human Genome U133 Plus 2.0 Array).
RNA sequencing data (50 normal samples and 373 HCC samples), clinical
information, and survival data (59 normal samples and 379 HCC sam-
ples) for HCC patients were downloaded from the TCGA database [13]
(https://www.cancer.gov/about-nci/organization/ccg/research /structural-

genomics/tcga). Patient clinical information data and sample sizes are shown
in Table 1 . Probes were converted to gene symbols according to annotation
documentation. Duplicate probes for the same gene were removed by measur-
ing the median expression value of all corresponding probes. Based on these
processing results, a total of 11,627 genes were selected for subsequent analysis.

1.2 Screening for Differentially Expressed Genes in HCC

For dimensionality reduction using UMAP, the R package UMAP (version
0.2.7.0) was first used for analysis. The expression profile underwent z-score nor-
malization, followed by UMAP function analysis to obtain the dimensionality-
reduced matrix. Limma (linear models for microarray data) [14] is a differential
expression screening method based on generalized linear models, used to identify
differentially expressed genes between normal liver tissue and HCC tissue. Here,
the R package limma (version 3.40.6) was used for differential analysis to obtain
differentially expressed genes between normal liver and HCC tissues from the
expression profile dataset. The lmFit function was used for multivariate linear
regression analysis, followed by eBayes function analysis to ultimately obtain
the significance of differential expression for each gene. Differential expression
analysis was performed comparing HCC tissue and normal liver tissue to obtain
expression datasets. With a fold change of 1.5 and P<0.05 considered as sig-
nificant differences, the ImFit function was further used for multivariate linear
regression analysis, followed by eBayes function analysis to ultimately obtain
the significance of differential expression for each gene and generate a heatmap
of differentially expressed genes.

1.3 Functional Enrichment of Differentially Expressed Genes

For functional enrichment analysis of gene sets, gene GO annotations from
org.Hs.eg.db (version 3.1.0) were used as background to map genes to the back-
ground set. The R package clusterProfiler (version 3.14.3) was used for enrich-
ment analysis to obtain gene set enrichment results. The minimum gene set
was set to 5, maximum to 5,000, with P<0.05 and FDR<0.1 as significance
thresholds.

1.4 Weighted Gene Co-expression Network Analysis

Weighted gene co-expression network analysis is a method for analyzing gene
expression patterns across multiple samples, clustering genes with similar expres-
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sion patterns and analyzing relationships between modules and specific traits
or phenotypes. Based on the gene expression data profiles of HCC from TCGA
and GSE62232, the WGCNA R package was used to establish a co-expression
network. Using the gene expression profile as an example: first, genes and
samples with outlier status were removed using standard deviation methods.
The WGCNA method was then used to construct a scale-free co-expression
network. Specifically, the first step involved constructing Pearson correlation
matrices and average linkage methods for all pairwise genes, followed by using a
power function amn=|Cmn|" 5 (where Cmn is the Pearson’s correlation between
Gene_m and Gene_n) to construct a weighted adjacency matrix. (5 is a soft
threshold parameter that emphasizes strong correlations between genes. After
selecting a power of 5, the adjacency was transformed into a Topological Over-
lap Matrix (TOM) TOMi,j = (lij + aij)/(min(ki+kj) + 1 - aij). This matrix
measures a gene s network connectivity, defined as the sum of its adjacency
with all other genes, for network gene quantification, and calculates correspond-
ing dissimilarities. To classify genes with similar expression profiles into gene
modules, average linkage hierarchical clustering was performed based on TOM
dissimilarity measures, with a minimum gene tree size of 50. Modules with dis-
tance <0.25 were merged, ultimately obtaining 19 co-expression modules, with
the grey module considered a collection of genes that could not be assigned to
any module.

1.5 Selection of Clinically Significant Modules and Hub Genes in HCC

First, principal component analysis was used to describe module eigengenes,
corresponding to a single characteristic expression profile for all genes within
each module. Correlations between clinical traits and these eigengenes were
calculated to identify modules with clinical significance. The linear relation-
ship between gene expression and clinical traits was assigned a gene significance
equal to the log of the individual gene P-value. If gene significance was closely
related to module membership, defined as the correlation between the module’
s eigengene and individual gene expression profiles, it was concluded that the
module’ s central genes were associated with HCC [15], and these genes were
considered candidate Hub genes. As shown in previous studies [16], gene expres-
sion correlations were calculated to obtain gene significance, while correlations
between module eigengenes and gene expression were calculated to obtain mod-
ule membership. According to cutoff criteria, 76 genes with high connectivity
in clinically significant modules were identified as candidate Hub genes.

1.6 Gene Validation and Bioinformatics Validation of Hub Genes

The GEPIA online website (http://gepia.cancer-pku.cn/) was used to analyze
Hub gene expression levels in HCC samples, and Kaplan-Meier analysis was
performed using the survival package in R (version 3.2-7). First, differential
gene expression profiles and prognosis data from 359 HCC tumor samples were
obtained from TCGA. The median expression value for each gene was deter-
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mined, and samples were assigned to “high expression” or “low expression”
groups for a given gene based on whether expression was above or below the
median. The log-rank test was used to evaluate significance in overall survival
and disease-free survival between high and low expression groups. Genes with
P<0.05 were considered validated Hub genes. Then, based on data from TCGA
and the GEPIA website, differences in Hub gene expression between normal
liver tissue and HCC tissue were screened. Expression levels were normalized
by mean, and differences associated with P<0.05 were considered statistically
significant.

1.7 Validation of Hub Gene Protein Expression Using the Human
Protein Atlas Database

The Human Protein Atlas database (https://www.proteinatlas.org/) primarily
provides tissue and cellular distribution information for various human proteins.
Immunohistochemical staining results from this database were used to validate
protein expression of survival-related genes between HCC tissue and normal
liver tissue.

2. Results
2.1 Data Preprocessing

Expression data in this study were obtained from 50 normal liver tissue sam-
ples and 373 HCC tissue samples. Based on principal component analysis, 14
tumor samples were excluded from the data (Figure 1 [Figure 1: see original
paper]A). Gene expression profiles from the remaining 409 samples were used
for subsequent analysis.

2.2 Identification of Differentially Expressed Genes in HCC Samples
and GO Enrichment Analysis

A total of 7,230 differentially expressed genes were identified between 50 nor-
mal samples and 359 HCC samples. The volcano plot of differentially expressed
genes is shown in Figure 1B, including 3,691 up-regulated genes and 3,539 down-
regulated genes. Differential analysis results are summarized in Table 2. To ex-
plore the potential biological functions of differentially expressed genes in HCC,
GO enrichment analysis was performed. Up-regulated differentially expressed
genes were mainly involved in cell cycle regulation, mitotic processes, nuclear
division, and chromosome segregation (Figure 2 [Figure 2: see original paper|A,
2C). In contrast, down-regulated differentially expressed genes were mainly in-
volved in response to external stimuli, small molecule metabolism, and organic
acid metabolism (Figure 2B, 2D).
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2.3 WGCNA and Identification of Key Modules

Weighted gene co-expression network analysis was performed based on the ex-
pression matrix of 7,230 differentially expressed genes and clinical data from
409 HCC samples. Clustering analysis was conducted to examine data quality
across 409 samples, showing that all samples clustered within cutoff thresholds.
Six clinical variables were applied in the weighted gene co-expression network
analysis: disease status (Tumor or Normal), sex, age, weight, TNM stage, and
microvascular invasion (Figure 3 [Figure 3: see original paper]A). The 409 sam-
ples were divided into two clusters: tumor and normal. A cluster dendrogram
of clinical features and data for HCC samples is shown (Figure 3B).

To construct a scale-free network, the soft threshold 8 was set to 5, independence
to 0.86, and average connectivity approached 0 (Figure 4 [Figure 4: see original
paper]A, 4B). Module parameters were set with a minimum module size of 30,
sensitivity of 3, and module merge threshold of 0.25. Differentially expressed
genes with similar expression patterns were clustered into the same module.
Additionally, modules with distance <0.25 were merged, ultimately obtaining 19
co-expression modules. A heatmap of module eigengenes was generated (Figure
4C), with the grey module representing a collection of genes that could not be
assigned to any module.

Relationships between modules and clinical traits were then evaluated. The

cyan module eigengene showed strong positive correlation with HCC (cor=0.64,

P:36$ % 10{—50})7 whilethepurplemoduleeigengeneshowedstrongnegativecorrelationwith HCC(cor = —0.80, P = 5.6 X 10{_
97}%). These results suggest the cyan module may promote HCC tumorigenesis,

while the purple module may protect against HCC. Therefore, Hub genes in

the cyan and purple modules were analyzed.

2.4 Identification of Candidate Hub Genes from Cyan and Purple
Modules

The criteria for selecting Hub genes in the cyan module were relatively lower
than the standard cutoff threshold (MM>0.8). In the cyan module, the top 8
genes meeting thresholds of cor.gene Module Membership > 0.7 and cor.gene
Trait Significance > 0.5 were selected: TOMMA40L, VPS45, MSTO1, FAM189B,
TTC13, PYGO2, NVL, and EHMT2. In the purple module, the top 16 genes
meeting thresholds of cor.gene Module Membership > 0.8 and cor.gene Trait
Significance > 0.7 were selected: CLEC4M, BMP10, CLEC1B, CLEC4G, GDF2,
NDST3, BMPER, STAB2, CCL23, CHRM2, COL6A6, CRHBP, FCN3, and
CCBE1 (Figure 5 [Figure 5: see original paper]).

2.5 Hub Gene Expression and Its Correlation with Survival

Based on expression data and clinical information for tumor samples from the
GEPIA2 online database, potential associations between gene expression and
patient survival were analyzed for genes identified in the cyan and purple mod-
ules (Figure 6 [Figure 6: see original paper]). In the cyan module, the top 3
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genes strongly associated only with overall survival were TOMMA40L, VPS45,
and FAM189B; the top 2 genes strongly associated with both overall survival
and disease-free survival were VPS45 and FAM189B. In the purple module, the
top 3 genes strongly associated only with overall survival were CLEC1B, CCL23,
and FCN3; the top 2 genes strongly associated with both overall survival and
disease-free survival were CLEC1B and FCN3. Therefore, VPS45, FAM189B,
CLEC1B, and FCN3 were identified as the final Hub genes. Genes showing
significant differences in disease-free survival in both modules included VPS45,
FAM189B, CLEC1B, FCN3, and BMPER.

Using the GEPIA website, expression of these module genes between HCC tissue
and normal tissue was analyzed (Figure 7 [Figure 7: see original paper]). Results
showed VPS45 and FAM189B were up-regulated in HCC tissues, while CLEC1B
and FCN3 were down-regulated. Similar results were obtained using data from
the GEO database.

2.6 Immunohistochemical Staining Validation

Immunohistochemical staining from the Human Protein Atlas (HPA) database
[17] (available at: Human Protein Atlas proteinatlas.org) showed that VPS45
and FAM189B were expressed at higher levels in HCC tissues than in normal
liver tissues, while FCN3 was expressed at lower levels in HCC tissues. CLEC1B
showed no obvious expression difference between HCC and normal liver tissues
(Figure 8 [Figure 8: see original paper]).

3. Discussion

HCC screening involves regular examination of patients at high risk for HCC,
with the goal of detecting HCC at an early stage and providing timely inter-
vention to improve patient survival and quality of life. In clinical applications
for HCC, common traditional screening methods include liver ultrasound and
serum alpha-fetoprotein, which have relatively limited sensitivity and specificity.
Therefore, developing new and more accurate detection methods is of significant
clinical value. Current research has identified several genes as novel biomarkers
for HCC diagnosis. For example, long non-coding RNA KDM4A-AS1 is overex-
pressed in many tumors, especially HCC, with levels positively correlated with
disease stage and tumor grade and negatively correlated with patient survival
[18]. LV et al. [19] showed that BAI3 and CKAP2L may be potential prognostic
factors and therapeutic targets for colorectal cancer.

In this study, differentially expressed genes and weighted gene co-expression
network analysis were combined to enhance the ability to identify HCC-related
genes. Functional enrichment of differential genes revealed that genes mainly
involved in cell cycle regulation were dysregulated in HCC tissues, consistent
with recent research findings [20]. Disruption of normal cell cycle is a cause
of cancer, and targeting cancer cell cycle regulation is a potential therapeutic
approach [21]. Bioinformatics analysis based on TCGA and GEO databases
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identified important modules and Hub genes in HCC. Two key modules were
identified: the cyan module and the purple module. Correlations between genes
in these modules and patient overall survival and disease-free survival were
analyzed. The top two significantly correlated genes from the cyan module,
VPS45 and FAM189B, and the top two from the purple module, CLEC1B and
FCN3, were selected as the final Hub genes.

VPS45-deficient neutrophils and fibroblasts show reduced $ $1 integrin levels
on their surface, impaired motility, and increased apoptosis in VPS45-deficient
fibroblasts [22]. Additionally, studies have shown VPS45 expression levels are
associated with various cancers. For example, YAMANOI et al. [23] demon-
strated that VPS45 expression levels are associated with malignant ovarian can-
cer. FAMI189B, also known as COTEIL, can physically associate with tumor
suppressor domain oxidoreductase through mechanism analysis, and is closely
related to HCC cell invasion [24]. Overexpression of FAM189B protein and
mRNA may increase gastric cancer incidence, with the cell cycle pathway being
the most significantly enriched pathway in its KEGG analysis [25]. CLEC1B is
a C-type lectin domain family 1 member B associated with immune infiltration
in hepatocellular carcinoma, and overexpressed CLEC1B inhibits proliferation
and migration of HuH7 cells [26]. FCN3 is a secreted lectin that can activate
the complement pathway. Ectopic expression of FCN3 can activate endoplas-
mic reticulum stress unfolded protein response, inhibit endoplasmic reticulum
stress, and improve survival of lung adenocarcinoma cells. FCN3 functions as a
tumor suppressor by inducing endoplasmic reticulum stress [27].

This study has limitations inherent to data mining. The data used were obtained
from online databases, and sample data may have bias, with sequencing results
potentially having technical deviations. To improve reliability of WGCNA re-
sults, immunohistochemical data from the Human Protein Atlas were used for
confirmation. However, due to database limitations, it was not possible to
obtain all relevant IHC data for tumors and adjacent normal samples for each
gene. The molecular regulatory mechanisms of the identified Hub genes in HCC
prognosis require further validation through clinical data and basic experiments.
These genes may serve as molecular markers for early HCC screening, prognostic
markers, and therapeutic targets for HCC, providing assistance for population
screening or HCC patient treatment.

In summary, this study performed comprehensive bioinformatics analysis to
identify potential predictive biomarkers between HCC and normal liver tissues.
The results suggest that VPS45, FAM189B, CLEC1B, and FCN3 may be novel
potential biomarkers for HCC with special clinical significance. However, vali-
dation in large clinical samples is needed, and further exploration is warranted
in the future.
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