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Introduction: Hepatocellular carcinoma (HCC) is responsible for approximately
90% of liver malignancies and is the third most common cause of cancer-related
mortality worldwide. However, the role of anoikis, a programmed cell death
mechanism crucial for maintaining tissue equilibrium, is not yet fully understood
in the context of HCC.

Methods: Our study aimed to investigate the expression of 10 anoikis-related
genes (ARGs) in HCC, including BIRCS5, SFN, UBE2C, SPP1, E2F1, etc., and their
significance in the disease.

Results: Through Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses, we discovered that these ARGs are involved
in important processes such as tissue homeostasis, ion transport, cell cycle
regulation, and viral infection pathways. Furthermore, we found a significant
correlation between the prognostic value of five ARGs and immune cell infiltrates.
Analysis of clinical datasets revealed a strong association between
BIRC5 expression and HCC pathological progression, including pathological
stage, T stage, overall survival (OS), and race. By constructing a competing
endogenous RNA (ceRNA) network and using molecular docking, we
identified ten bioactive compounds from traditional Chinese medicine (TCM)
that could potentially modulate BIRC5. Subsequent in vitro experiments
confirmed the influence of platycodin D, one of the identified compounds, on
key elements within the ceRNA network.

Abbreviations: Akt, Protein Kinase B; ARGs, Anoikis-related genes; BIRC5, Baculoviral IAP repeat-
containing 5; CDK1, cyclin-dependent kinase 1; CXCL12, chemokine (C-X-C motif) ligand 12; DEGs,
Differentially expressed genes; E2F1, Recombinant E2F transcription factor 1; GDF2, growth
differentiation factor 2; GO, Gene ontology; GO-BP, GO biological processes; GO-CC, GO cell
composition; GO-MF, GO molecular functions; HCC, Hepatocellular carcinoma; KEGG, Kyoto
encyclopedia of genes and genomes; MSI, Microsatellite instability; NQO1, NADPH, quinone
oxidoreductasel; OS, Overall survival; PI3K, Phosphoinositide 3-kinase; gRT-PCR, Quantitative real
time polymerase chain reaction; SFN, Single frequency network; SGK1, Serum/glucocorticoid-inducible
kinase 1; SLCO1B3, Solute carrier organic anion transporter family, member 1B3; SPINK1, Serine protease
inhibitor kazal type 1; SPP1, Secreted phosphoprotein 1; TCM, Traditional Chinese medicine; TLRs,
Toll-like receptor; TMB, Tumor mutation burden; UBE2C, Ubiquitin-conjugating enzyme E2C.
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Discussion: In conclusion, our study presents a novel framework for an anoikis-
centered prognostic model and an immune-involved ceRNA network in HCC,

revealing potential

regulatory targets. These insights contribute to our

understanding of HCC pathology and may lead to improved therapeutic interventions.

hepatocellular carcinoma, anoikis, prognostic signature, ceRNA, active compounds

1 Introduction

Projected forecasts indicate a concerning increase in the incidence
of liver cancer, with an expected annual rise of 55.0% in new cases,
potentially reaching 1.4 billion by 2040. Additionally, liver cancer deaths
are projected to reach 1.3 million by that time, representing a 56.4%
increase from 2020 (Rumgay et al., 2022). Hepatocellular carcinoma
(HCC), which accounts for approximately 90% of these cancers, is one
of the most prevalent global malignancies and the third leading cause of
cancer-related deaths. The rising trend in the occurrence and mortality
rates of HCC poses a significant risk to public health (Huang et al,
2022). Known factors such as smoking, infection, and alcohol
consumption contribute to its development (Hashemi et al,, 2023).
Although standard treatments, including surgery and various therapies,
often fail to improve survival outcomes due to the aggressive and drug-
resistant nature of the disease, there is a crucial need to identify new
prognostic markers and therapeutic targets.

Anoikis, a specialized form of cell death triggered by the
detachment of cells from the extracellular matrix and neighboring
cells, is increasingly acknowledged for its crucial role in various
This
maintenance of tissue homeostasis, disease pathogenesis, and

biological  contexts. includes  developmental —dynamics,
notably, the metastatic spread of cancer cells (Han et al, 2021).
Surprisingly, resistance to anoikis allows malignant cells to evade
this natural death pathway, enabling their survival and establishment
at distant sites in the body (Sun et al., 2022). In this context, the role of
anoikis-related genes (ARGs) in cancer progression has been
extensively studied. For instance, Ye et al. found that staurosporine
induces resistance to anoikis and promotes metastasis in gastric cancer
by up-regulating CTNNBI and activating the Wnt/p-catenin signaling
pathway (Ye et al, 2020). Other studies have also supported the
importance of evading anoikis, such as the sequestration of Bim-EL
in inflammatory breast cancer, as reported by (Buchheit et al., 2015;
D’Amato et al,, 2015). While the prognostic relevance of ARGs has been
recognized in various tumor types, there is a lack of comprehensive
investigation of ARGs in the context of HCC. Therefore, it is imperative
for the scientific community to explore and characterize the ARGs that
have prognostic significance in HCC.

The use of traditional Chinese medicine (TCM) in the management
of HCC has a long historical background, spanning several centuries (Xi
and Minuk, 2018). In the field of oncology, there has been increasing
interest in TCM, particularly in its collection of natural compounds that
may have anti-cancer properties (Wang et al,, 2022). Recent studies
have provided evidence of the effectiveness of compounds like shikonin,
which inhibits the progression of HCC by targeting the PI3K/Akt/
mTOR pathway. This leads to enhanced apoptotic and autophagic
processes, which play a role in reducing the aggressiveness of cancer
cells (Zhang J. et al, 2022). Other studies have highlighted the
mechanism of myricetin, a compound that induces apoptosis
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through the mitochondrial pathway, resulting in cell cycle arrest.
This apoptotic effect is attributed to the inhibition of cyclin-
dependent kinase 1 (CDKI) activity, modulation of mitochondrial
membrane potential, and regulation of apoptogenic factors (Zhang
etal, 20115 Ji et al., 2022). These properties emphasize the potential of
bioactive components in TCM formulations as promising avenues for
therapeutic research in HCC.

The primary objective of our investigation was to examine the
prognostic significance of ARGs in HCC using a comprehensive
bioinformatics approach. We aimed to elucidate the structure of
competitive endogenous RNA (ceRNA) networks involving ARGs
and identify specific regulatory compounds from TCM that could
potentially modulate these genes. Through this research, we aim to
establish a solid foundation for the development of targeted
treatments for HCC
The step-by-step
methodology is systematically illustrated in Figure 1.

that can effectively target anoikis

mechanisms. synthesis of our research

2 Materials and methods

Cell lines LX2, HepG2, and Huh7 were obtained from the Cell
Bank of the Chinese Academy of Sciences. Baicalin, platycodin D,
and resveratrol were obtained from Chengdu Lemeitian
Pharmaceutical Technology Co., Ltd. (Chengdu, China). Reagents
for nucleic acid extraction and cDNA synthesis, including TransZol
Up Plus RNA kits and First-Strand ¢cDNA Synthesis Kits, were
provided by Quanshi Jin Biotechnology Co., Ltd. (Nanjing, China).
MagicSYBR Mixture for quantitative PCR was supplied by Jiangsu
Cowin Biotech Co., Ltd. (Taizhou, China). MiRNA extraction and
amplification kits, namely, MiPure Cell/Tissue miRNA Kit, miRNA
Ist Strand cDNA Synthesis Kit, and miRNA universal SYBR qPCR
Master Mix, were provided by Novozan Biotechnology Co., Ltd.
(Nanjing, China). Cell viability assays were conducted using
CCKS8 assay kits from Jiangsu Baoguang Biotechnology Co., Ltd.
(Wuxi, China). Cell culture essentials such as Dulbecco’s modified
eagle medium (DMEM), Phosphate buffer solution (PBS), Trypsin
digestive solution, and Penicillin-streptomycin solution were
obtained from Invitrogen Life Technology Co., Ltd. (California,
US). For immunodetection, BIRC5 (TA6017) antibody was
procured from Abmart Shanghai Co., Ltd. (Shanghai, China),
and Alexa Fluor 488 secondary antibody from Cell Signaling

Technology (Boston, US).
2.1 Data preparation

RNA sequencing data relevant to HCC were obtained from
the University of California Santa Cruz (UCSC) Xena database
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FIGURE 1

The whole flowchart of the study, showcasing the sequential workflow from data collection to analysis

(https://xena.ucsc.edu/). The dataset consisted of 423 profiles,
with 50 samples designated as normal hepatic tissue and
373 samples representing HCC specimens. Our analysis
focused on identifying differentially expressed genes within
this cohort. We applied stringent screening criteria, using a
Log2-fold change (FC) threshold of >2 and a significance cut-off
of p <0.05. To identify ARGs (Aberrantly Expressed Genes), we
utilized the GeneCards repository (https://www.genecards.org/),
which provided a list of 455 ARGs with a relevance score
exceeding 2. By employing Venn diagram analysis tools
(https://bioinformatics.psb.ugent.be/webtools/Veen/), we
identified 10 significant ARGs. For obtaining associated
from the

clinical information, we utilized

USCA database.

resources
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2.2 Enrichment analysis

To investigate the potential biological functions and underlying
mechanisms of the 10 identified ARGs, we performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses. These analyses were
conducted using the Metascape database (https://metascape.org/),
a comprehensive suite designed to decipher gene functionalities and
provide context to gene clusters. The enriched functional categories
and pathways identified through these analyses were visually
in the R
programming environment. This package is a powerful tool for

represented using the “clusterProfiler” package

statistical evaluation and graphical representation, allowing for a
detailed comparison of biological themes among gene sets.
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2.3 Establishment of ARGs prognostic
signature model

To evaluate the prognostic value of the 10 identified ARGs for
overall survival (OS) in HCC, we utilized R software packages
“survminer” and “survival”, aligning our methods with the model
employed in the study by (Wang et al, 2022). To refine our
prognostic assessment, we implemented the Least Absolute
Shrinkage and Selection Operator (LASSO) Cox regression
analysis, a technique well-suited for reducing high-dimensional
data and developing prognostic models. The resulting prognostic
model categorized patients into low-risk and high-risk subgroups,
and their OS disparities were evaluated through Kaplan-Meier
survival analysis. Subsequently, we assessed the reliability of the
ARG-derived risk scores using receiver operating characteristic
(ROC) analysis. The ROC analysis helps determine the predictive
accuracy of the risk scores in forecasting patient outcomes. These
statistical analyses, performed using R software, established that a
p < 0.05 would indicate statistical significance. The integration of
these methodologies allowed for a comprehensive assessment of the
prognostic implications of ARGs in HCC.

2.4 Analysis of immune infiltration, tumor
mutation burden, microsatellite instability,
and drug sensitivity

To investigate the association between the expression of ARGs
and immune cell infiltration in the tumor microenvironment, we
utilized single-sample Gene Set Enrichment Analysis (ssGSEA).
This method quantitatively evaluated the presence and
abundance of 24 different immune cell types. To understand the
correlation between the expression of 5 important ARGs and key
immunogenomic markers (Tumor Mutation Burden and
Microsatellite Instability), we conducted Spearman correlation
analysis. A significance level of p < 0.05 was used to determine
statistical significance. Additionally, we examined the sensitivity of
ARGs to various chemotherapeutic agents using the Genomic
Cancer Drug Sensitivity in Cancer (GSCA) database (http://
bioinfo.life.hust.edu.cn/GSCA/#/). This database provides access
to a wide range of pharmacogenomic datasets, allowing for the
identification of potential drug targets in different cancer subtypes.
By employing these analytical approaches, we were able to
systematically explore the relationship between ARGs, immune

activity, and drug responsiveness in cancer.

2.5 Protein expression evaluation and
establishment of ceRNA regulatory network

To visualize the protein expression patterns of BIRC5 and SPP1,
we accessed the Human Protein Atlas (HPA, https://www.
proteinatlas.org/). This allowed us to compare the levels of these
proteins in normal liver tissue and HCC. In addition, we used the
StarBase platform (https://starbase.sysu.edu.cn/) to predict potential
miRNA targets of BIRC5 and SPP1. We employed the Mann-
Whitney U test and Kaplan-Meier mean analysis to examine the
expression dynamics and prognostic relevance of miRNAs
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associated with BIRC5 and SPP1 in HCC. Our analysis focused
on miRNAs that showed statistically significant differences. To
further explore the role of long non-coding RNAs (IncRNAs)
associated with these miRNAs, we utilized the LncBase and
StarBase databases. We evaluated the expression patterns and
prognostic implications of these IncRNAs using the HCC dataset
from The Cancer Genome Atlas (TCGA), considering a p < 0.05 as
statistically significant. Ultimately, we established a ceRNA
regulatory network centered on BIRCS5, which provides new
molecular  interactions and clinical

insights into  the

significance in HCC.

2.6 Molecular docking

The three-dimensional (3D) structural configuration of the
bioactive compound analyzed in our study was obtained from
the Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP, https://old.tcmsp-e.
com/). The protein data bank (PDB) file for the target protein

BIRC5 was sourced from the RCSB Protein Data Bank
(HYPERLINK  "https://www.rcsb.org" \o  "https://www.rcsb.
org'https://www.rcsb.org). Using these structural data, we

conducted molecular docking analysis using Autodock Vina
software to investigate the docking interactions between the
selected traditional Chinese medicine active ingredient and the
BIRCS5 protein. The in silico binding affinities provided valuable
insights into potential interactions that may contribute to
therapeutic efficacy.

2.7 Quantitative real time polymerase
chain reaction

Total RNA extraction was performed using the TransZol Up
Plus RNA Kit to isolate high-quality RNA samples. After extraction,
the RNA was quantified and its purity was assessed using the
(Thermo Fisher
Scientific, USA). The expression levels of the target genes were

Nanodrop Micro Nucleic Acid Analyzer

then measured quantitatively using the Quantitative Real-Time
Fluorescence PCR Detection System (Rocgene, Beijing, China).
The primer sequences used for amplification are listed in
Table 1. To determine the relative mRNA expression of the
genes of interest, the 272““Y method was calculated, where
A(ACt) represents the difference in cycle threshold values
normalized to a reference gene.

2.8 Immunofluorescence staining

HepG2 and Huh?7 cells were cultured in 6-well plates with cell
crawlers. The plates were then placed in a cell incubator for 24 h to
ensure adherence and growth. After incubation, the cells were
with
permeabilization, and blocking. These steps aimed to preserve

treated various protocols, including fixation,
cellular structures, allow the ingress of antibodies, and prevent
non-specific binding. Next, the cells were incubated overnight at

4°C with a primary antibody specific for BIRC5, enabling primary
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TABLE 1 gRT-PCR primer sequences.

10.3389/fphar.2023.1325992

Genes Primer Sequences 5'-3'
BIRC5 F TTG GCC CAG TGT TTC TTC TGC TT
R GCA CTT TCT CCG CAG TTT CCT CA
hsa-miRNA-204-5p sl GTC GTA TCC AGT GCA GGG TCC GAG GTA
ol TTC GCA CTG GAT ACG ACA GGC AT
F CGC GTT CCC TTT GTC ATC CT
R AGT GCA GGG TCC GAG GTA TT
U6 F CTC GCT TCG GCA GCA CA
R AAC GCT TCA CGA ATT TGC GT
OIP5-AS1 F GCT TCC TTC CTT TCC CIT GCT CA
R TGC ACT AAC CCC TAA CAT GGC AC
DCPIA F CTG GAT TGT TGG CCC TCT GAC TC
R CTG GAA GGT CAAGGCTGCATGAG
PPPIR9B F GAA CAG CTC CAA CCT CTC CAC AC
R TTG GAG AGA GAC AAC AGA GGG GT
GAPDH F TGA CTT CAA CAG CGA CAC CCA
R CAC CCT GTT GCT GTA GCC AAA

immune-detection. The following day, the cells were incubated at
room temperature for 1 h with the fluorescently-labeled Alexa Fluor
488 secondary antibody, facilitating secondary immune-detection.
To complete the staining procedure, the cell nuclei were
counterstained with DAPI for 5 min, resulting in a distinct blue
fluorescence. The cells were then mounted in glycerol to preserve the
fluorescence for imaging. Immunofluorescence imaging was
performed using an Olympus fluorescence microscope. These
images visually depict the presence and localization of the
BIRC5 protein within the cells, providing insights into its
expression and potential functional implications in the studied
cell lines.

2.9 Statistical analysis

Data analysis and visualization were performed using the R
package and GraphPad Prism 7.0, respectively. The data are
presented as the mean + standard error of the mean (SEM) from
three independent experiments.

3 Results

3.1 ARGs expression, PPI, and gene mutation
in HCC

Our investigation utilized Venn diagram analysis to identify a
group of 10 crucial genes related to ARGs, as shown in Figure 2A. After
analyzing RNA sequences, we confirmed significant differences in the
transcriptional profiles of these ARGs compared to similar sequences
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from a control group, with a p-value of less than 0.0001 (Figure 2B).
Notably, we found increased expression of several genes, including
Baculoviral TAP repeat-containing 5 (BIRCS5), Ubiquitin-conjugating
enzyme E2C (UBE2C), E2F transcription factor 1 (E2F1), NADPH:
quinone oxidoreductasel (NQO1), Single frequency network (SEN),
Secreted phosphoprotein 1 (SPP1), and serine protease inhibitor kazal
type 1 (SPINK1). Additionally, we observed a decrease in the expression
of Chemokine (C-X-C motif) ligand 12 (CXCLI2), growth
differentiation factor 2 (GDF2), and solute carrier organic anion
transporter family member 1B3 (SLCO1B3).

A heat map analysis revealed strong correlations between genes (p <
0.0001) (Figure 2C), suggesting coordinated regulation within the ARG
group. To further understand these connections, we constructed a
protein-protein interaction (PPI) network based on the identified ARGs
(Figure 2D). Analysis of the network revealed significant links among
BIRC5, UBE2C, E2F1, CXCL12, GDF2, NQOI1, SEN, SPP1, and
SPINKI, supporting the associations observed in the heat map
analysis (Figure 2E). Additionally, we performed mutation profiling
of the 10 ARGs in HCC specimens. This analysis identified variations
primarily in GDF2, E2F1, SLCO1B3, NQO1, and CXCL12. Notably,
GDEF2 had the highest mutation incidence at 41.7%, while E2F1 and
SLCO1B3 each had mutations in 25% of the cases (Figure 2F). These
findings provide important genetic information that may contribute to
our understanding of the mechanisms and potential therapeutic
targets in HCC.

3.2 Enrichment analysis

To investigate the mechanisms of action of the 10 identified
ARGs in HCC, we conducted GO and KEGG enrichment analyses.
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Comparative analysis of ARG expression levels and mutational status in HCC versus normal tissue samples. (A) Volcanic map. (B) Venn diagram. (C)
Differential expression analysis. (D) Correlation analysis. (E) PPl network analysis. (F) Mutation status analysis of HCC versus normal tissue samples.

These analyses provided insights into the potential biological roles
and molecular mechanisms of the ARGs. The GO functional
analysis revealed a significant enrichment of the ARGs in various
biological processes (BPs) and molecular functions (MFs), as shown
in Figure 3A. Enriched BPs included regulation of homeostatic
processes, ion transport, and cell differentiation. In terms of
molecular functions, the ARGs were found to be enriched in
enzyme binding, cytokine activity, and enzyme inhibitor activity.
Additionally, the cellular components (CCs) analysis indicated that
these genes are localized in structural entities such as the
microtubule cytoskeleton, mitochondria, and chromosomes.
Complementing these insights, the KEGG pathway analysis
revealed that the ARGs were associated with various pathways that
are significant in cancer biology and HCC pathogenesis. These pathways
include those involved in cancer proliferation and progression, the cell
cycle, and specifically related to HCC. Furthermore, the ARGs played a
prominent role in infection-related pathways, such as those triggered by
human cytomegalovirus infection, as well as in signaling cascades crucial
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for cell communication and survival. These signaling cascades include
cytokine-cytokine receptor interaction, the Phosphoinositide 3-kinase
(PI3K)/Protein Kinase B (Akt) signaling pathway, Toll-like receptor
(TLR) signaling pathway, and the p53 signaling pathway, as shown in
Figure 3B. Collectively, these results provide valuable insights into the
diverse roles that ARGs may play in the context of HCC, laying the
groundwork for the development of targeted therapeutic strategies.

3.3 Establishment of ARGs prognostic
signature model

In order to establish a prognostic signature model informed by
the involvement of ARGs in HCC, we conducted a univariate Cox
regression analysis. This initial assessment revealed that five out of
the ten ARGs (specifically BIRC5, E2F1, SEN, SPP1, and UBE2C)
showed a significant correlation with patient outcomes, as depicted
by individual Kaplan-Meier curves (Figures 4A-J). To improve the
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FIGURE 4
Prognostic value of 10 ARGs in HCC. The OS curves of BIRCS5 (A), CXCL2 (B), E2F1 (C), GDF2 (D), NQO1 (E), SFN (F), SLCO1B3 (G), SPIN (H), SPP1(I),
and UBE2C (J) in patients with HCC in the low and high expression groups.

precision of the prognostic signature model, we utilized the LASSO ~ UBE2C (Figure 5C). The overall survival (OS) curve showed a clear
Cox regression methodology, which incorporated these five ARGs  trend, with patients classified in the high-risk group based on the
with substantial prognostic value. Risk scores were calculated usinga  risk scores experiencing increased mortality risk and shorter survival
formula based on the work of Wang et al. (Wang et al., 2022) and the  times (p = 4.5e-7, HR = 2.66) (Figure 5D). The prognostic validity of
coefficients of the prognostic signature coupled to the partial  the model was further supported by ROC curve analysis, which
likelihood deviance for HCC (Figures 5A, B). Co-expression  yielded area under the curve (AUC) values of 0.78, 0.71, and 0.72 for
analysis of these five ARGs revealed a strong inverse relationship ~ the 1, 3, and 5-year benchmarks, respectively, confirming the
with the occurrence of HCC, particularly for BIRC5, SPP1, and  model’s effectiveness in predicting long-term survival (Figure 5E).
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These comprehensive analyses demonstrate the potential of the
ARG-based prognostic model in forecasting clinical outcomes for
HCC patients.

3.4 Immune infiltration analysis of
critical ARGs

To enhance our understanding of the immunogenic context
in which a group of critical ARGs (BIRC5, E2F1, SEN, SPP1, and
UBE2C) operate, we investigated their potential associations with
various immune cell subsets, encompassing 24 distinct types. We
found that these ARGs showed significant correlations with the
distribution and composition of immune cells, including
Th2 cells, mast cells, CD8 T cells, natural killer (NK) cells,
eosinophils, Th17 cells, and neutrophils. Specifically, BIRC5,
E2F1, and SFN were positively associated with Th2 cells, while
showing an inverse relationship with immune cell types that are
important for antitumor immunity, such as neutrophils,
eosinophils, CD8 T cells, Th17 cells, mast cells, and NK cells
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(Figures 6A-C). Interestingly, SPP1 was positively associated
with Th2 cells and neutrophils, but inversely correlated with
Th17 cells and eosinophils (Figure 6D). UBE2C showed a
favorable association with Th2 cells and eosinophils, but was
inversely associated with mast cells (Figure 6E). Further analysis
using ssGSEA confirmed these findings, with all ARGs showing
significant enrichment across diverse immune cell types. The
enrichment scores were 15, 13, 11, 6, and 12 for BIRCS5, E2F1,
SEN, SPPI1, and UBE2C, respectively (Figures 7A-E). These
results highlight the strong association of these prognostically
relevant ARGs with the immune cell infiltration observed in the
HCC landscape, the
immune response.

suggesting their potential role in

3.5 TMB, MSI, and drug sensitivity analyzes
To investigate the potential of the five ARGs as biomarkers for

guiding drug discovery efforts in HCC, we examined their
relationships with TMB and MSI. TMB and MSI are important
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genomic signatures that are often considered in cancer prognosis,
therapy prediction, and immunotherapy responsiveness. Our
analysis revealed that while BIRC5 (Figure 8A), E2Fl1
(Figure 8B), SEN (Figure 8C), SPP1 (Figure 8D), and UBE2C
(Figure 8E) did not show statistically significant correlations with
TMB, interesting associations were observed between MSI and the
expression of certain ARGs. Specifically, BIRC5 (Figure 8A), E2F1
(Figure 8B), and UBE2C (Figure 8E) exhibited a positive association
with MSI. These findings suggest a potential link between MSI status
and the expression of specific ARGs in HCC, which could provide
insights into tumor behavior and potential sensitivities to anti-
cancer drugs.

The relationship between drug susceptibilities, as indicated by
the CTRP and GDSC databases, and the mRNA expression levels of
the five ARGs was examined. Analysis of data from the Genomics of
Drug Sensitivity in GSCA revealed an inverse correlation between
the mRNA expression levels of BIRC5 and E2F1 and the
effectiveness of several drugs. On the other hand, SFN and
SPP1 showed a positive correlation, as depicted in Supplementary
Figure S1. These findings lay the groundwork for further exploration
of the potential use of these ARGs as biomarkers for drug response
in HCC. Additionally, they may drive the development of new
therapeutic strategies tailored to the molecular characteristics of
individual tumors.
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3.6 Clinical correlation analysis

Delving into the potential clinical relevance of the five pivotal
ARGs (BIRC5, E2F1, SFN, SPP1, and UBE2C), we examined how
their expression levels interplay with various clinical parameters in
HCC patients. Our investigative efforts critical
associations, supported by significant correlations between the
expression levels of these genes and key clinical features observed
in HCC. Notably, we found substantial connections between the
expression of BIRC5, E2F1, SFN, and UBE2C and the pathological
stage of HCC (Figure 9A), indicating their potential as indicators of
tumor progression and severity. Moreover, all five ARGs showed a
strong association with both the extent of tumor invasion (T stage)
and the overall survival of patients, further emphasizing their
prognostic potential (Figures 9B, H). Additionally, the expression
of UBE2C was found to be significantly related to the age of the
patients (Figure 9E), suggesting that gene expression may vary
across different age groups, potentially influencing prognosis.
Correlations between BIRC5, E2F1, and UBE2C with patient race
also emerged, indicating these ARGs as potential markers of
biological variability across populations (Figure 9F). In contrast,
no significant associations were observed between the five ARGs
and the stage M, stage N, or gender in HCC patients (Figures 9C, D,
G). This suggests that while the examined ARGs play a substantial

unveiled
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role in predicting tumor stage and survival outcomes, they may not
have as much influence on these other clinical characteristics.
Overall, our findings highlight the importance of the T stage and
overall survival as key determinants impacted by the ARGs,
indicating that these genetic markers could be vital in
understanding the trajectory of HCC progression and guiding

personalized therapeutic strategies.
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3.7 Establishment of ceRNA
regulatory network

In our investigation of the functional significance of ARGs in
HCC, we focused on two specific ARGs, BIRC5 and SPPI, to
understand their roles in potential ceRNA networks that may
influence HCC regulation. We examined the protein expression
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levels of BIRC5 and SPP1 using the HPA database, specifically
utilizing antibodies HPA002830 and HPA027541, respectively. The
dataset revealed a significant expression of these proteins in HCC
patient samples (Figures 10A, B), confirming their clinical relevance.
To identify the miRNA players within the ceRNA networks of
BIRC5 and SPP1, we referred to the StarBase v3 database, which
provided a list of potential miRNA targets (Supplementary Table
S1). Through differential expression analysis of these miRNAs in
HCC using the Wilcoxon rank-sum test, we identified significant
variations. Regarding BIRCS5, nine miRNAs showed significant
modulation. This included upregulation of hsa-miR-143-3p, hsa-
miR-204-5p, hsa-miR-195-5p, hsa-miR-497-5p, hsa-miR-144-3p,
and hsa-miR-335-5p, while hsa-miR-135a-5p, hsa-miR-184, and
hsa-miR-34c-5p were downregulated in HCC (Figure 10C). In
SPP1, both hsa-miR-33b-5p and hsa-miR-33a-5p were found to
be significantly downregulated in HCC (Figure 10D). Further
analysis showed that elevated levels of hsa-miR-204-5p were
associated with better survival outcomes for HCC patients
(Figure 10E and Supplementary Figure S2), indicating its
potential therapeutic value. By exploring the ceRNA network, the
StarBase and ENCORI databases predicted 30 IncRNAs that could
potentially interact with hsa-miR-204-5p (Supplementary Table S2).
Among these, the expressions of OIP5-AS1, DCP1A, and PPP1R9B
IncRNAs were found to be significantly associated with HCC
prognosis using the log-rank test (Figures 10F-H and
Supplementary Figure S4). Notably, high levels of DCP1A and
PPPIR9B were linked to poorer survival rates in HCC patients
(Figures 10G, H). Based on these findings, the ceRNA axes involving
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OIP5-AS1/hsa-miR-204-5p/BIRCS, DCP1A/hsa-miR-204-5p/
BIRC5, and PPP1R9B/hsa-miR-204-5p/BIRC5 appear to play a
crucial role in the progression of HCC, suggesting potential
avenues for targeted therapeutic interventions in this type of cancer.

3.8 Screening of active ingredients for
BIRCS in TCM

In our investigation into the active ingredients that may affect
the expression of the prognostically significant gene BIRC5 in HCC,
we referred to the CTD to identify herbal compounds that could
potentially interact with BIRC5. After analyzing the database, we
found ten herbal compounds that could be potential candidates for
further study: baicalein, berberine, hyperoside,
naringenin, platycodin D, quercetin, thymoquinone, resveratrol,
and deguelin. The chemical structures of these compounds are
listed in Table 2.

To refine our search for candidates with the most promising

curcumin,

therapeutic potential, we utilized molecular docking techniques to
evaluate the binding affinity between these phytochemicals and the
target protein BIRC5. This methodological approach provided
insights into the strength of the interactions between the
compounds (ligands) and the receptor (BIRC5), as shown in
Table 3. Typically, a ligand-receptor affinity score (binding
energy) below —6.0kcal/mol indicates strong binding and
the tested
compounds, baicalin, platycodin D, and resveratrol demonstrated

potential for functional interaction. Among
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notable affinities for BIRC5, meeting the established criterion with
significant ligand-receptor interactions. This suggests that these
substances have the inherent ability to modulate the activity of
BIRC5 (Figures 11A-J; Table 3). These findings provide a solid
foundation for the hypothesis that these natural compounds could
have meaningful implications in the treatment of HCC. Further
in vitro and in vivo evaluations are necessary to validate their
therapeutic efficacy and mechanism of action in relation to BIRC5.

3.9 qRT-PCR and immunofluorescence
staining analysis

To investigate the impact of three ceRNA networks on HCC
progression, we conducted qRT-PCR assays. These assays were
designed to validate the previously identified ceRNA regulatory
networks within LX2, HepG2, and Huh-7. The results of these
assays confirmed the accuracy and reliability of the predicted ceRNA
interactions (Figures 11K-O), supporting our bioinformatic
analyses and suggesting their involvement in the molecular
etiology of HCC. Additionally, we explored the regulatory
influence of platycodin D on the expression of our gene of
BIRC5, in HepG2 and Huh7 cell lines. The data
obtained from these investigations further supported our in silico
predictions, showing that platycodin D has a noticeable
downregulatory effect on BIRC5 expression levels in both cell

interest,
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lines (Figures 12A, B, and

Supplementary Table S3).

S4
This observation is particularly

Supplementary  Figure

relevant as it suggests a direct biological effect of platycodin D
on a molecular target associated with HCC prognosis. To further
investigate BIRC5’s
immunofluorescence

response to platycodin D, we used

staining  techniques to examine its
subcellular localization and expression dynamics. Treatment of
HepG2 and Huh7 cells with different doses of platycodin D
resulted in a significant reduction in BIRC5 expression, providing
further evidence of the compound’s ability to modulate this
clinically relevant protein (Figures 12C, D). Overall, these
findings highlight the therapeutic potential of platycodin D,
particularly its ability to downregulate BIRC5, and suggest its
potential as a novel in HCC

therapeutic ~ strategy

treatment protocols.

4 Discussion

Anoikis is a protective mechanism that prevents detached cells
from inappropriately adhering and proliferating, thereby preventing
potential oncogenic transformation and the development of
2018). This type of cell
death has been found to have significant prognostic and

secondary tumors (Kakavandi et al,

immunological implications in various cancers, such as lung

adenocarcinoma (Diao et al, 2023), gastric cancer (Ye et al,
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TABLE 2 The Molecular Docking result of active compounds related to

BIRCS.

ID Compound Structure
1 Baicalein (o] OH
2 Berberine
3 Curcumin
4 Hyperoside
5 Naringenin
6 Platycodin D
7 Quercetin
8 Thymoquinon (0]

®)
9 Resveratrol
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TABLE 2 (Continued) The Molecular Docking result of active compounds
related to BIRCS.

ID Compound Structure

10 Deguelin

TABLE 3 The binding ability of 10 active compounds related to BIRCS5.

Compounds Targets PDB Affinity

(kcal/mol)
1 Baicalein BIRC5 2qfa -7.5
2 Berberine BIRC5 2qfa -72
3 Curcumin BIRC5 2qfa —-6.5
4 Hyperoside BIRC5 2qfa —-6.8
5 Naringenin BIRC5 2qfa -72
6 Platycodin D BIRC5 2qfa -7.5
7 Quercetin BIRC5 2qfa -72
8 Thymoquinon BIRC5 2qfa —-6.8
9 Resveratrol BIRC5 2qfa 7.4
10 Deguelin BIRC5 2qfa -6.9

2020), and breast cancer (Li et al., 2019). Recent advancements in
bioinformatics have led to groundbreaking discoveries in terms of
therapeutic targets and drugs (Zhang et al., 2020; Cintron et al.,
2023). However, there is still a lack of comprehensive bioinformatics
characterization of ARGs in HCC, particularly in relation to
immune infiltration, functional analysis, and predicting
patient outcomes.

The present study identified 10 ARGs with significantly
differential expression in HCC. Among these, seven ARGs
(BIRC5, UBE2C, E2F1, NQOI1, SFN, and SPINKI1) were
upregulated, while CXCL12, GDF2, and SLCOI1B3 were
downregulated, confirming their roles in HCC pathology. PPI
networks are valuable in describing interrelationships between
genes or proteins, including physical interactions and regulatory
targeting, among others. They help elucidate meaningful molecular
regulatory networks within organisms (Athanasios et al., 2017).
Accordingly, through PPI analysis, we confirmed a strong
association between BIRC5, UBE2C, E2F1, CXCL12, GDF2,
NQOI, SEN, SPP1, and SPINKI1. Furthermore, genetic mutations
and alterations in molecular processes may promote HCC
progression (Hashemi et al, 2023). Our mutation analysis
suggested that GDF2 might have the highest mutation probability
in HCC progression, followed by E2F1 and SLCO1B3. This finding
is consistent with previous studies by Tan et al. and Sekine et al.
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FIGURE 11

The interaction between ten TCM active components and BIRC5 protein was simulated by molecular docking (A—J) and the expression of the core
genes in the regulatory network of three ceRNAs regulatory network in LX2, HepG2 and Huh7 cells based on gRT-PCR assay (K-0). (A) Baicalein and
BIRCS. (B) Berberine and BIRCS5. (C) Curcumin and BIRC5. (D) Hyperoside and BIRCS5. (E) Naringenin and BIRCS5. (F) Platycodin D and BIRCS5. (G) Quercetin
and BIRC5. (H) Thymoquinon and BIRCS. (I) Resveratrol and BIRCS5. (3) Deguelin and BIRCS5. (K) BIRC5 gene expression. (L) hsa-miRNA-204-5p gene
expression. (M) OIP5-AS1 gene expression. (N) DCP1A gene expression. (O) PPP1IR9B gene expression. *p < 0.05, **p < 0.01, vs the LX2 group.

(Sekine et al, 2011; Tan et al, 2022). The significant mutation
probability of GDF2 could provide fresh insights for potential
targeted interventions in HCC.

To investigate the roles and underlying mechanisms of ten newly
identified ARGs, we conducted a functional enrichment analysis.
Our KEGG pathway analysis revealed that these ARGs are mainly
involved in various signal transduction pathways, such as the cell
cycle, cytomegalovirus  infection, cytokine-receptor
interactions, the PI3K/Akt signaling cascade, p53 signaling, and
the Apelin signaling pathway. The cell cycle, which encompasses the
GI1, S, G2, and M phases, plays a crucial role in regulating cell
proliferation (Yang et al., 2023). Disruptions in the cell cycle are
characteristic features of cancer and have implications for various
aspects of the disease, including metabolic processes, immunity, and
metastatic potential (Cheung et al., 2023). Human cytomegalovirus,
a member of the Herpesviridae family with a 236 kbp double-
stranded DNA genome has been associated with dual outcomes

human

(Dolan et al, 2004). Apart from causing illness in
immunocompromised individuals, human cytomegalovirus is
increasingly recognized for its involvement in tumor

pathogenesis, as it has been detected in various tumor tissues
such as glioblastoma and several adenocarcinomas (Pasquereau
et al, 2017; Herbein, 2018; Nauclér et al, 2019). Emerging
evidence suggests that human cytomegalovirus may contribute to
advanced liver disease, providing valuable insights for the
development of novel therapeutic approaches for HCC treatment
(Cacicedo et al.,, 2022; Khalil et al., 2022). Cytokines, as crucial
immune system mediators, interact with specific cellular receptors
that are upregulated during cell activation in various diseases,
particularly cancer (Scheller et al., 2021). The PI3K/Akt signaling
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pathway, which plays a vital role in cell growth, survival,
metabolism, and angiogenesis, has been frequently found to be
aberrantly activated in different types of malignancies (Hoxhaj
and Manning, 2020). PTEN, a tumor suppressor that inhibits the
PI3K/Akt pathway, has been extensively reported to counteract
tumor growth in cancers of the endometrium, brain, skin, and
prostate (Martini et al., 2014; Danielsen et al., 2015). Toll-like
receptors (TLRs) are also implicated in tumor initiation and
progression, particularly in cancers associated with chronic
inflammation such as hepatic, colonic, gastric, and cervical
carcinomas. Their role extends to promoting cell proliferation,
inhibiting apoptosis, and facilitating immune evasion (Kaur et al.,
2022). Furthermore, the tumor suppressor p53 functions as a key
transcription regulator, initiating cell death signals and thereby
inhibiting tumor development. For instance, Kandhavelu et al.
demonstrated how alterations in the p53 signaling pathway
influenced apoptosis and tumorigenesis colon cancer
(Kandhavelu et al., 2023). Despite the considerable knowledge of
these signaling pathways in various cancers, research specifically
investigating their significance and mechanisms in HCC remains

in

limited. Further investigative efforts are warranted to gain a better
understanding of their roles and therapeutic potential in HCC.
Using LASSO Cox regression analysis, we developed a
prognostic model that incorporates five ARGs (BIRC5, E2F1,
SFN, SPP1, and UBE2C), which have been found to be
significant in the context of HCC. Previous studies have
highlighted the prognostic importance of specific gene sets in
HCC, including genes associated with ferroptosis (Zhang Y.
et al,, 2022; Zhao et al., 2022), glycolytic-related genes (Zou et al.,
2022), and ARGs (Guizhen et al., 2022; Chen et al., 2023) are closely
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Huh7

Effect of platycodin D on the expression of BIRC5 in HepG2 (A) cells and Huh7 (B) cells. The images of immunofluorescence staining in HepG2 (C)
and Huh7 (D) cells treated with DMSO (control group) or platycodin D for 24 h. Allimages are taken with a field of view of 400x. *p < 0.05, **p < 0.01, vs the

DMSO group.

associated with HCC prognosis. Our analysis of the prognostic
characteristic model for ARGs confirms its potential as a reliable
prognostic tool for HCC patients, consistent with the findings of
Chen et al., Guizhen et al., and Wang et al. (Wang et al., 2021;
Guizhen et al., 2022; Chen et al,, 2023). Among the selected genes,
BIRC5 is an immune-related gene that inhibits apoptosis and
There
suggesting the crucial role of BIRC5 in tumorigenesis, as it is

promotes cell proliferation. is increasing evidence
overexpressed in various cancers such as breast cancer (Cao
et al., 2023), oral squamous cell carcinoma (Cacina et al., 2023),
benign meningioma (Maier et al., 2023), prostate cancer (Yu et al.,
2023) and ovarian cancer (Li B. et al,, 2023), thereby indicating a
poor prognosis in cancer patients. Additionally, E2F1 is a well-
known transcription factor that regulates the cell cycle and cell
proliferation by binding to specific sites in the promoters of its
their

Overexpression of E2F1 during tumorigenesis can promote the

downstream target genes to upregulate expression.

malignant transformation of fibroblasts and induce liver
carcinogenesis (Dong et al., 2023). Xiang et al. investigated the
oncogenic and immunogenic effects of SPP1 in HCC and discovered

that higher expression levels of SPP1 are associated with increased
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infiltration of immune cells. This finding is supported by previous
studies on SEN (Li S. et al., 2023) and UBE2C (Shen et al., 2023),
which have demonstrated significant impacts on cancer progression.
Our bioinformatics analysis further supports these results. Overall,
our study establishes a theoretical framework for future research on
apoptosis-associated genes in the etiology and progression of HCC.
Additionally, our prognostic assessment of ARGs in HCC provides a
solid foundation for further extensive research in this field. Xiang
et al. investigated the oncogenic and immunogenic effects of SPP1 in
HCC and discovered that higher expression levels of SPP1 are
associated with increased infiltration of immune cells (Xiang
et al, 2023). This finding is supported by previous studies on
SEN (Li S. et al., 2023) and UBE2C (Shen et al., 2023), which
have demonstrated significant impacts on cancer progression. Our
bioinformatics analysis further supports these results. Overall, our
study establishes a theoretical framework for future research on
apoptosis-associated genes in the etiology and progression of HCC.
Additionally, our prognostic assessment of ARGs in HCC provides a
solid foundation for further extensive research in this field.
Consistent with previous research, our investigation emphasizes
the significant impact of interactions between tumor cells and
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immune infiltrates on the progression of cancer. The presence and

behavior of infiltrating immune cells in the tumor
microenvironment play a decisive role in both patient outcomes
and the effectiveness of anti-neoplastic treatments (Shi et al., 2020).
Building on these findings, our study reveals notable differences in
the composition of infiltrating immune cell types between low-risk
and high-risk groups in HCC, including macrophages, neutrophils,
NK cells, mast cells, and activated memory CD4" T cells. Activated
macrophages often exhibit anti-tumor capabilities. In the context of
HCC, M1 polarized macrophages can impede tumor growth
through various pathways, while their M2 counterparts are
involved in promoting angiogenesis, which facilitates tumor
development (Cheng et al, 2022). Neutrophils have a dualistic
role in oncogenesis, as they can either stimulate or inhibit cancer
progression, highlighting their complex relationship with tumor
pathobiology (Gryziak et al,, 2022). NK cells are known for their
innate cytotoxic potential and play a crucial role in lymphocyte-
mediated effector responses. A reduced number of interferon-
producing NK cells has been linked to advanced stages of HCC,
suggesting their potential role in predicting disease prognosis (Lee
et al,, 2021). Furthermore, clinical observations have revealed a
negative correlation between the presence of tryptase-positive mast
cells and overall survival in HCC, indicating that mast cells could
serve as a potential prognostic indicator for unfavorable clinical
outcomes (Wang et al., 2018; Rohr-Udilova et al., 2021). Given these
connections, it is crucial to thoroughly examine the function of
immune cells in HCC pathology. These findings could provide
valuable insights and have significant implications for the
development of innovative therapeutic approaches that target the
interaction between tumors and the immune system in HCC.
TCM has a long history of application in preventing and
managing neoplasms, which has prompted intensive scientific
inquiry into the discovery of TCM-derived anti-tumor agents.
Our study aimed to investigate the phytochemical constituents
of TCM for their potential modulatory effects on BIRC5, a gene
implicated in tumor progression. Subsequent molecular docking
confirmed the potential of three TCM ingredients, including
baicalein, platycodin D, and resveratrol, as promising
candidates. Resveratrol, a naturally occurring polyphenol, has
garnered considerable attention for its versatile anti-neoplastic
properties (Li et al., 2018). This compound is known to hinder
the advancement of liver cancer by inhibiting the proliferation of
precancerous cells and modulating apoptotic pathways.
Specifically, it downregulates Bcl-2 and upregulates Bax
expression in hepatocarcinogenesis (Bishayee and Dhir, 2009).
Furthermore, resveratrol has been shown to attenuate oxidative
stress, reduce pro-inflammatory cytokine levels, and initiate
apoptosis by inhibiting SGK1 activity in the early stages of
HCC development (Di 2013).
investigations resveratrol’s

Pascoli et al., Clinical

have demonstrated ability to
induce apoptosis in hepatic malignancies (Wang et al., 2023)
and influence cell cycle regulators through the HGF/c-Met axis
(Gao et al, 2017). Annaji et al. reported that resveratrol
nanoparticles significantly enhance the anti-cancer potency
against liver malignancies, both in vitro and in vivo, this
positions resveratrol as a promising agent for liver cancer
intervention (Annaji et al., 2021). Platycodin D, a triterpenoid
saponin derived from Platycodon grandiflorus, has also
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demonstrated considerable anti-cancer efficacy against various
malignancies, including HCC. Work by Hsu et al. illustrated that
platycodin D may help overcome resistance to HDAC inhibitors
in HCC by inhibiting the Erk1/2-regulated phosphorylation of
CFL-1, offering a potential therapeutic approach to circumvent
chemotherapy resistance (Hsu et al., 2021). Guo et al., noted that
baicalin can inhibit the invasive and migratory capabilities of
BEL-7402 cells by regulating cellular movement and the
expression of MMP2, E-cadherin, TIMP2, and integrin (1.
These findings collectively highlight the therapeutic potential
of these herbal constituents in improving HCC prognosis (Guo,

2006). Collectively, these observations underscore the
therapeutic potential of these herbal constituents in
enhancing HCC  prognosis. ~ Our  qRT-PCR  and

immunofluorescence assays investigating the expression of
BIRC5 in HepG2 and Huh-7 cells support these observations.
Therefore, our results indicate that platycodin D exhibits
significant inhibitory action against HCC, providing a solid
theoretical basis for further investigation.

In our investigation, we identified three potential ceRNA axes
associated with HCC and discovered ten bioactive herbal
Our
in  vitro

components that have regulatory effects on BIRCS.
with
experiments, which further validated the predictions from our

molecular docking results were consistent
bioinformatics analyses. This comprehensive evaluation of HCC
enhances our current understanding of its biological behaviors,
clinical characteristics, and prognostic determinants, paving the
way for more personalized and targeted therapeutic interventions.
However, there are certain limitations in our research that need to be
addressed in future studies. Firstly, the validation of our prognostic
signature was limited to retrospective data obtained from the TCGA
database. To establish its clinical relevance, prospective validations
using diverse databases, including the GEO database, are essential.
Secondly, the qQRT-PCR based methods we used to validate RNA
regulatory interactions have their own limitations, highlighting the
need for more comprehensive evaluations involving both in vitro
and in vivo models, as well as clinical trials. Furthermore, although
our investigation suggested a connection between the prognostic
model and immune infiltration, this potential link needs to be
confirmed through studies with larger sample sizes. Further
research is necessary to determine whether our model’s
predictive capability remains strong when combined with
immunotherapeutic approaches, and whether there are
differential responses to such therapies between high-risk and
low-risk patient groups. The impact of our prognostic signature
on drug sensitivity also deserves thorough examination. A detailed
analysis could provide valuable insights into how the gene signature
in question modulates therapy resistance. Finally, the practice of
studying Chinese medicines often revolves around the principle of “a
single ingredient-a single medicine-a preparation”. This paradigm
serves as a cornerstone of TCM research and represents a key area
for our future investigative endeavors.

5 Conclusion

In summary, our analysis and experimental corroboration
support the hypothesis that three competing endogenous RNA
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networks, namely, OIP5-AS1/hsa-miR-204-5p/BIRC5, DCP1A/hsa-
miR-204-5p/BIRC5, PPP1R9B/hsa-miR-204-5p/BIRC5,
represent potential therapeutic intervention points for HCC.

and

Additionally, our molecular docking studies identified baicalin,
platycodin D, and resveratrol as potential modulators of
BIRCS5 expression in HCC, with platycodin D showing the most
prominent effects. In vitro cellular experiments further validated
these findings. Therefore, our study lays the groundwork for the
development of precise pharmacological treatments for HCC. While
our research offers promising avenues for HCC management, it also
highlights the need for future investigations to refine and
substantiate the therapeutic and prognostic insights obtained
from our work.
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