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Purpose:: Hepatocellular carcinoma (HCC) is a significant global health burden. Cancer cells often exhibit an imbalance in
intracellular calcium homeostasis. This study aims to explore the relationship between calcium-related genes and the prognosis of
HCC, and establish a prognostic model based on calcium-related genes.

Methods: This study comprehensively reviewed 392 calcium-related regulators and constructed a Calcium-related Prognostic Risk
Score(CPRS) for HCC by means of bootstrap-based univariate Cox, random forest screening, and LASSO analysis. We developed an
effective prognostic nomogram for patients with HCC by integrating the CPRS and clinicopathological features. The signature was
developed using the TCGA cohort and validated in two independent external cohorts (ICGC and NODE-CHCC). Subsequently, we
identified the key genes in CPRS that affect the prognosis of HCC based on SurvSHAP, and further investigated the impact of the key
factor CACNA1B on the biological behavior of HCC cells.

Results: CPRS was established with 6 calcium-related genes (CSN1S1, S100A9, CACNA1B, FKBP1A, SLC25A24 and SPP1). Our
study showed that high CPRS is closely associated with higher histological grade, advanced TNM stage, vascular invasion, poorer
progression-free and overall survival (OS) status of HCC, and CPRS can serve as an independent risk factor for the prognosis of HCC
patients. The nomogram combining CPRS with TNM stage and patient age significantly improved the accuracy of predicting survival
outcomes in HCC patients. Functional experiments revealed that inhibiting CACNAI1B expression significantly suppressed cell
proliferation, migration, and epithelial-mesenchymal transition signaling in HCC cells.

Conclusion: We developed a novel CPRS that can accurately predict the prognosis of HCC. CACNA1B may function as a tumor
promotor in HCC progression.
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Introduction

Hepatocellular carcinoma (HCC) ranks as the sixth most common malignancy and the third leading cause of cancer-
related deaths worldwide." Its incidence is rising rapidly, particularly in western countries, where non-alcoholic fatty liver
disease and metabolic dysfunction-associated steatotic liver disease are emerging as dominant etiological factors,
alongside traditional drivers such as chronic hepatitis B and C infections, and alcohol-related liver disease.” Over 60%
of HCC cases are diagnosed outside surveillance, often via emergency presentations or late-stage symptomatic routes,
correlating with poorer outcomes.” Over the past decade, substantial efforts have been devoted to identifying gene
signatures associated with the prognosis of HCC.* However, the majority of these investigations have centered on
developing prognostic models for overall survival(OS), placing minimal focus on the biological mechanisms underlying
tumor progression, particularly invasion and metastasis, thereby restricting their value in guiding clinical decision-
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making.® Recently, research on specific biological processes such as methionine metabolism and autophagy has
significantly improved the prognosis prediction of HCC and provided important insights into tumor progression and
metastasis.®® These findings emphasize that process specific molecular signatures can capture not only survival risk but
also the propensity for invasion and metastasis. Thus, it is imperative to develop HCC-specific prognostic biomarkers
that are closely associated with metastatic behavior and to identify promising therapeutic targets based on the specific
biological processes that drive tumor progression.

Calcium ions, serving as second messengers, participate in regulating various cellular activities such as proliferation,
migration, and differentiation.'® Tumor cells commonly exhibit an imbalance in calcium homeostasis, characterized by
abnormally elevated intracellular Ca®" concentration, upregulation of calcium channels (such as TRPC6, ORAII), and
dysfunction of calcium pumps (such as SERCA), driving the malignant phenotype of tumors.'' In the DMD gene
deficient gastric cancer model, Ca® overload activates the calcium signaling pathway, leading to a decrease in mitochon-
drial membrane potential, while upregulation of glycolytic enzyme HK2/LDHA expression accelerates lactate
secretion.'? Mitochondria, as calcium storage reservoirs, have disrupted regulation of Ca®", which is directly associated
with tumor drug resistance. Drug resistant cells often exhibit low intracellular Ca®*concentration, leading to weakened
endoplasmic reticulum stress and resistance to apoptosis.'*'* Clinical observations in several cancer types also suggest
that elevated serum calcium levels or aberrant expression of calcium-associated molecules are frequently linked to high
grades, advanced stages, lymph node metastasis, implying a pro-tumorigenic role of calcium in malignant progression.'
The liver, as a central metabolic organ, relies heavily on calcium signaling to regulate key physiological processes
including glucose,lipid metabolism, and mitochondrial function.'®!” Disruption of calcium homeostasis in hepatocytes
has been implicated in the pathogenesis of various liver diseases, including metabolic dysfunction-associated fatty liver
disease (MAFLD) and its progression to HCC.'®'” However, despite increasing recognition of the importance of calcium
signaling in tumors, the role of calcium related genes in HCC progression and prognosis remains largely unexplored. It is
unclear whether specific calcium-related regulators can effectively stratify the risk of HCC patients and provide clues for
personalized treatment.

In this study, we systematically characterized calcium-related genes in HCC and developed a calcium-related
prognostic risk score (CPRS) (Figure 1). A total of 392 calcium related genes were screened for differential expression
and survival analysis, and then feature selection was performed based on regression analysis to construct CPRS. The
prognostic signature was comprehensively evaluated through survival analysis, assessment of clinicopathological corre-
lations, and functional enrichment analysis. Furthermore, the CPRS was integrated with conventional clinicopathological
parameters to generate a prognostic nomogram for HCC patients. Integrated bioinformatics analysis highlighted
CACNAIB as a key component of the CPRS, and its expression was found to be markedly upregulated in metastatic
HCC. Further experiments confirmed that silencing CACNA1B can inhibit the proliferation and metastasis of HCC cells,
and it may participate in liver cancer cell metastasis by regulating the EMT pathway. Collectively, this study successfully
constructed a novel and robust calcium-related prognostic model for HCC patients. And we validated that the key
calcium regulatory factor CACNAI1B can promote the malignant phenotype of HCC. The present study provides the
rationale for more precise prognostic stratification of HCC patients and the development of novel therapeutics that target
calcium metabolism regulators.

Materials and Methods

Datasets

Gene expression and Clinical data were collected from various public resources, such as The Cancer Genome Atlas
(TCGA), the International Cancer Genome Consortium (ICGC), and The National Omics Data Encyclopedia (NODE).
The CHCC (Chinese HBV-related HCC) cohort, comprising 159 HCC patients originally reported by Fan et al, was
accessed through the National Omics Data Encyclopedia (NODE) database (Project ID: OEP000321).%° In this manu-
script, this dataset is referred to as the “CHCC cohort”. Patients with complete clinical follow-up information and
available sequencing data were included in the study. HCC patients with incomplete follow-up information or duplicate
sequencing samples were excluded. Patients with complete clinical follow-up information and available sequencing data
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Figure | Flowchart for comprehensive analysis of calcium-related genes in HCC.

were included in the study. HCC patients with incomplete follow-up information or duplicate sequencing samples were
excluded. To maintain consistency, The expression profiles were subjected to TPM normalization. The R package
“maftools” was used to analyze somatic mutations. GSE149614 from the Gene Expression Omnibus database was
used for single-cell sequencing (scRNA-seq) analysis of HCC. Additionally, annotations for cell subpopulations were
acquired. The baseline clinical characteristics of the patients from each cohort have been summarized in Supplementary
Tables 1,2,8. Further information about cohorts is available in Supplementary Table 3.

Identification and Validation of CPRS

The list of calcium-related genes was retrieved from the GeneCards database, and genes with a relevance score > 8 were
selected. The expression data of 392 calcium-related genes from the TCGA cohort were analyzed (Supplementary
Box 1). During the screening procedure, 132 distinct differentially expressed genes (DEGs) were recognized.
Subsequently, univariate Cox regression analysis was used to identify DEGs associated with overall survival (OS),
which led to the identification of 11 significant DEGs. The dataset underwent 1000 rounds of bootstrapping, revealing
that 85 DEGs showed a consistent association with prognosis across more than 900 iterations. In order to strengthen the
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identification of genes related to prognosis, a Random Survival Forest method based on minimum depth was used to
isolate 11 genes with the highest concordance index values from 1000 trials. To address collinearity, 6 genes were
incorporated into the least absolute shrinkage and selection operator (LASSO) Cox regression model and selected for
constructing CPRS. The CPRS was calculated using the following formula:

CPRS = i Coefi * xi
i=1

Here, Coefi signifies the coefficient, while xi indicates the mRNA expression level of six regulators. This formula was
employed to determine the CPRS for each person in both the training (TCGA) and validation (ICGC, CHCC) groups.
Based on this score, patients were then stratified into high-risk and low-risk groups using the median CPRS value of the
training cohort as the cut-off point. This threshold was subsequently applied to the validation cohorts to ensure
consistency. The predictive performance of the CPRS regarding prognosis in HCC patients was evaluated by computing
the time-dependent AUC.

Functional Enrichment Analysis

We used the “clusterProfiler” package in R to identify the potential biological pathways associated with DEGs. Gene Set
Variation Analysis (GSVA) and Gene Set Enrichment Analysis (GSEA) were utilized to delve deeper into the differing
biological function of the high- and low-CPRS groups. For these analyses, we made use of the “h.all.v2022.1.Hs.
symbols.gmt” database, supported by the R packages “GSVA” and “GSEABase”.

SurvSHAP

SHAP (Shapley Additive exPlans) is a model interpretation framework proposed by Lundberg and Lee in 2017, aimed at
explaining the predictive behavior of any machine learning model by calculating the contribution of each input feature to
the model’s single prediction result (ie. SHAP value). This methodology, supported by the “SurvSHAP” package,
improves the clarity and understanding of machine learning predictions by providing comprehensive and time sensitive
analysis for survival regression deep learning models.?’

Cell Culture

Human hepatocellular carcinoma cell lines (MHCC-97H,HCC-LM3) were kindly provided by Procell Life
Science& Technology Co.,Ltd. (Wuhan, China) and maintained in State Key Laboratory of Antiviral Drugs. MHCC-
97H,HCC-LM3 were cultured in DMEM (Vivacell,Shanghai,China) containing 10% fetal bovine serum (Vivacell,
Shanghai,China). When the confluence reached 80%, the cells were employed for subsequent experiments.

siRNA Interference
SiRNA sequences (Supplementary Table 4) were employed to achieve silencing of the CACNAIB gene. siRNA

specifically targeting the CACNAI1B, along with a negative control, was purchased from Obio Technology (Shanghai,
China) Corp.,Ltd. The transfection was performed using jetPRIME® DNA/siRNA transfection reagent (Polyplus-
transfection®, France) following the manufacturer’s instructions.

Real-Time Quantitative PCR

RNA was extracted utilizing TRIzol™ (Thermo Fisher Scientific, USA). Reverse transcription was carried out with the
Ist Strand cDNA Synthesis Kit (Takara, Japan), followed by quantitative PCR using the SYBR Green Mix (Zoman
Biotech, China). The primers produced by Songo Biotech (Shanghai, China) are detailed in Supplementary Table 5. The

target mRNA expression level was normalized against GAPDH.

Western Blot
Protein extraction was performed using RIPA containing PMSF to lyse cells (NCM Biotech,China). 20-30pg protein was
loaded onto the gel (NCM Biotech,Suzhou,China) and then subjected to electrophoresis for separation. Following this,
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the proteins were transferred onto PVDF membranes.Blocking was performed using 5% milk for 1 hour at room
temperature. Primary antibodies were diluted in antibody diluent (Solarbio, China) and incubated overnight at 4°C.
After washing, the PVDF membrane was incubated with secondary antibody, followed by detection using
a chemiluminescence imaging system. The detailed information of antibodies is presented in Supplementary Table 6.

CCK8 Assay

Cells were seeded onto 96-well plate. After the cells adhere to the plate wall, 10 p L CCK-8 reagent (Solarbio, China)
was added to incubate 1.5 hours. The optical density (OD) at 450 nm was detected with a microplate reader (Biotek,
USA) at 0 hours, 24 hours, 48 hours, 72 hours, and 96 hours.

EdU Staining

Following a 48-hour transfection period, cells treated with CACNA 1B siRNA and negative control were seeded onto 24-
well plates and subjected to EdU staining. Subsequently, cells were fixed, permeabilized, and incubated with click
addictive solution. The nuclei were stained with Hoechst 33342. A fluorescence microscope (Olympus, Japan) was
utilized to collect images. EAU staining was performed by EdU assay kit (Servebio, China).

Colony Formation

For this experiment, 1000 cells were seeded in each well of 6-well plates and cultured for 12—14 days. Following fixation
with paraformaldehyde for 15 minutes, the colonies were stained with 0.1% crystal violet (Solarbio, China) for
10 minutes. Finally, the colonies were counted.

Transwell Assay

Transwell chamber (Corning,USA) were used for migration experiments. Place 200 p L serum-free medium containing
cells in the upper chamber, and add 600 p L medium with 10% FBS in the lower chamber. After 24 hours incubation,
soak both chambers in 10% formaldehyde and stain them with 0.1% crystal violet for 15 minutes. Then wipe the upper
chamber with cotton swabs to remove cells. Finally, count the cells stained on the surface of the lower membrane under
a microscope.

Statistical Analysis

Statistical analyses were performed by R version 4.0.4 and graphadprism. Differences between two groups were
evaluated using a two-tailed, unpaired Student’s #-test. The correlation between CPRS and clinical characteristics was
determined by Chi-square tests. Kaplan-Meier survival analysis used the median CPRS, and the significance was
evaluated by Log rank test. Univariate and multivariate Cox regression analyses determined the relationship between
variables and outcomes. P value <0.05 was recognized as significant (* P< 0.05; ** P <0.01,***P < 0.0001).

Results

Landscape of Genetic Variation of Calcium-Related Genes in HCC

We first acquired the expression profile of 392 calcium-related genes from the TCGA-LIHC dataset. Differential
expression analysis identified 132 significantly dysregulated genes (P and FDR<O0.05, [log2FC| >1), including 98
upregulated and 34 downregulated genes in HCC tissues compared with normal liver tissues (Figure 2A and B).
These differentially expressed calcium-related genes (DE-CaRGs) are summarized in Supplementary Table 7. GO and

KEGG enrichment analyses revealed that the DE-CaRGs were predominantly enriched in biological processes and
molecular functions such as calcium ion transmembrane transport, regulation of cellular calcium ion homeostasis, cation
channel activity, the cAMP signaling pathway, MAPK signaling, and multiple cardiovascular- and endocrine-related
pathways (Figure 2C and D). To explore their prognostic relevance, we first performed univariate Cox regression with
bootstrap resampling, identifying 11 calcium-related genes which were consistently and markedly associated with OS of
HCC patients (Figure 2E). Copy number variation (CNV) analysis further demonstrated that several of these prognosis-
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Figure 2 The expression profile and prognostic significance of calcium-related genes in HCC.(A)Heatmap of 392 calcium-related DEGs between HCC and normal tissues.
(B) Volcano plot of DEGs. (€ and D) GO enrichment (C) and KEGG(D) pathway analysis based on 392 DEGs. (E) Univariate Cox analysis of OS in HCC. (F) CNV values of
calcium-related genes in the TCGA cohort.

Abbreviation: NS, Not Significant.

related genes exhibited frequent genomic alterations, with SPP1, S100A9, CACNAI1B, FKBP1A, and SLC25A24
showing a predominance of copy number gains, whereas a smaller subset displayed copy number losses (Figure 2F).
Collectively, these findings indicate that calcium-related genes are widely dysregulated at both the transcriptomic and
genomic levels in HCC and may have important prognostic implications.
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Construction of the CPRS and Its Clinical Characteristics
To identify the prognostic value of calcium-related genes in HCC, 11 OS-associated CaRGs obtained from the
bootstrap-Cox and random forest screening were subjected to LASSO Cox regression. Using the minimum-lambda
criterion, six hub genes-CSN1S1, S100A9, CACNAI1B, FKBP1A, SLC25A24, and SPP1-were ultimately selected to
construct the calcium-related prognostic risk score (CPRS) (Figure 3A and B). The CPRS for each patient was calculated
as follows: CPRS= X (coefficient i x expression i of the six genes). HCC patients in the training cohort(TCGA) and the
two external validation cohorts (ICGC and CHCC) were stratified into high- and low- CPRS groups according to the
median CPRS. In all three cohorts, patients with high CPRS had worse OS than those with low CPRS, and risk score
distribution and survival status plots showed an increased proportion of deaths with rising CPRS, accompanied by a clear
expression gradient of the six genes between risk groups (Figure 3C-E).

To further elucidate the clinical relevance of the CPRS, we examined its association with key clinicopathological
characteristics in the TCGA-LIHC cohort. Higher CPRS values were associated with higher histologic grade, advanced
TNM stage, the presence of vascular invasion, and poorer progression free and OS status (Figure 4A and B;
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Supplementary Table 8). Subsequently, we conducted GSVA to compare biological processes between high- and low-

CPRS groups in the TCGA, ICGC, and CHCC cohorts, revealing a set of commonly altered pathways across all three
datasets (Figure 4C, Supplementary Figure 1, Supplementary Table 9). Subsequent validation using GSEA in the TCGA-

LIHC cohort showed that high-CPRS tumors were enriched in hallmark pathways related to cell proliferation, including
MYC targets (Figure 4D). These results suggest that the adverse prognosis associated with high CPRS may be linked to
enhanced proliferative signaling pathways in HCC.

Construction and Evaluation of the Nomogram
The univariate and multivariate Cox regression analyses confirmed that both the CPRS and the TNM stage serve as
independent prognostic indicators for OS in patients with HCC (Figure 5A). Based on the TCGA-LIHC cohort, we
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Figure 5 Establishment and evaluation of the nomogram survival model. (A) Univariate(up) and multivariate(down) Cox regression analyses based on TCGA-LIHC. (B)
A nomogram was developed to estimate the prognosis for patients with HCC. (C) Model calibration analysis. (D) The decision curve analysis (DCA) assesses the nomogram’s
predictions for OS. (E) Survival probability stratification (Kaplan-Meier curves). (F and G) The OS prediction ability of nonogram was evaluated by ROC analysis.

constructed a prognostic nomogram integrating age, TNM stage, and CPRS to predict 1-, 3-, and 5-year OS (Figure 5B).
Calibration curves indicated that the nomogram-predicted survival probabilities closely matched the observed outcomes
at all three time points (Figure 5C). Decision curve analysis (DCA) indicated that the nomogram provided a greater net
clinical benefit than individual clinical variables across a wide range of risk thresholds (Figure 5D). When patients were
divided into high- and low-score groups according to the total nomogram score, the high-score group showed signifi-
cantly poorer survival (Figure 5E). Time-dependent ROC analyses in TCGA-LIHC cohorts further confirmed the
excellent discriminative ability of the nomogram, with robust AUC values for predicting 1-, 3-, 5-,7-,and 9-year OS
(Figure 5F and G). However, The model achieved AUC values of 0.674, 0.704, and 0.681 for 1-year, 3-year, and 5-year

Journal of Hepatocellular Carcinoma 2026:13 hetps: 9



Chen et al

PFS, respectively, indicating moderate predictive accuracy (Supplementary Figure 2). Overall, these findings indicate that
CPRS-based nomogram is a reliable tool for individualized survival prediction in HCC patients.

Tumor Microenvironment Dissection Based on CPRS

Next, we analyzed scRNA-seq data from GSE149614 to investigate the distribution of CPRS at the single-cell level. Major
cell populations, including hepatocytes, T cells, B cells, myeloid cells, endothelial cells, and fibroblasts, were annotated by
canonical marker genes (Figure 6A). Figure 6B and C showed unique risk scoring patterns for different cell categories.
Particularly, hepatocytes and myeloid cells exhibited significantly different levels of CPRS compared to other groups.

A B C
aT
15 E Hepatocyte
B Myeloid
E Endothelial
20. E Fibroblast
o
» Hepatocyte
N * Myeloid a
) 0 * Endothelial
Z 4
£ 2]

- « Fibroblast
B

20 Y Fibteblast -
-20 0 20
(SNE_1
D
CSN1S1
CACNA1B
* Pro-metastatic
FKBP1A * Pro-tumorigenic
* * Non-malignant
SLC25A24 W
S100A9
SPP1
@ PN X
> @ o A
& & & F @ -
F S &
K S
& ¢ <
G H |
15 3
' = ! **;*L' &= Normal
1.0 — s ETumor
2 M sPVTT CSN1S1
Freey
e & Lymph I
0.5
1 0
0.0 |
0 CACNA1B
-0.5
B Pro-metastatic
B Pro-tumorigenic
-1.0 B Non-malignant -1
> N S %> 5\ RN
® ¢ & & S &
& R S SO B

Figure 6 Single-cell transcriptomic profiling of calcium-related genes in HCC. (A) Single-cell clustering and cell type annotation using GSE149614 dataset. (B-D) Cell type-
specific expression patterns of calcium-related genes in the tumor microenvironment. (E) t-SNE plot showing annotation of hepatocytes from HCC patients. (F) t-SNE plot
showing CPRS density in hepatocyte subpopulations.(G) Violin plot of CPRS values for hepatocyte subpopulations. (H) Comparison of CPRS values between different liver
cancer groups and the control group. (I) CACNAIB is highly expressed in metastatic liver cancer. ***P < 0.0001.

Abbreviation: NS, Not Significant.
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Further expression analysis also confirmed this result (Figure 6D). Considering the significant heterogeneity of hepatocytes,
we classified them into pro-metastatic, pro-tumorigenic, and non-malignant subclusters based on transcriptional profiles
(Figure 6E). The results demonstrated that compared with non-malignant cells, pro-metastatic hepatocytes and pro-
tumorigenic cells have significantly increased CPRS values (Figure 6F and G). Subsequently, Subsequently, we compared
the CPRS scores between portal vein metastasis (PVTT), lymph node metastasis, primary tumor, and adjacent non-tumor
tissues, and found that the CPRS score of metastatic liver cancer was significantly higher than that of other groups
(Figure 6H). In this study, we focused on the effect of calcium-related genes on cancer cells, and therefore conducted in-
depth analysis of CSN1S1 and CACNA1B, which are highly expressed in HCC cells (Figure 6D). Figure 61 displayed that
CACNAIB is predominantly overexpressed in metastatic tumors. These findings suggest that high CPRS is closely
associated with the malignant state of hepatocytes and may be related to the metastasis potential of HCC cells.

Molecular Screening Based on SurvSHAP

To gain mechanistic insights into the CPRS and to prioritize key calcium-related regulators, we employed SurvSHAP. Using
arandom survival model based on CPRS, aggregated Shapley values were calculated to quantify the contribution of each gene
to the predicted risk. The feature importance plot showed that SPP1, FKBP1A, CACNAI1B, SLC25A24, S100A9, and
CSNI1SI1 rank as the most influential variables, and SPP1 and FKBP1A exert the largest overall impact on survival prediction
(Figure 7A). The SurvSHAP summary graph further illustrates how high expression levels of these genes are associated with
increased risk, particularly SPP1, FKBP1A, and CACNA1B, whose elevated expression significantly shifts Shapley values
towards worse outcomes (Figure 7B). These interpretability analyses highlight SPP1, FKBP1A, and CACNAI1B as crucial
elements of the CPRS. Previous studies have shown that SPP1 promotes liver cancer progression through various mechanisms
such as resisting anoikis and reshaping the tumor immune microenvironment.”* ** FKBP1A plays a role as an “oncogene” in
liver cancer, and its expression is upregulated in liver cancer tissues and cells. Knocking down FKBP1A can inhibit the
proliferation and metastasis ability of liver cancer cells.”> Nonetheless, the role of CACNA1B remains unclear. Thus, we
examined how CACNAB affects the behavior of HCC cells.

Silencing CACNA\IB Suppresses HCC Progression

To validate the expression pattern of CACNA1B in HCC, RT-qPCR was performed on five pairs of HCC tissues and
matched adjacent non-tumor tissues. As shown in Figure 8A, the mRNA level of CACNAI1B was significantly higher in
tumor tissues compared with adjacent normal tissues. To investigate the function of CACNAIB in HCC, siRNA was
utilized to downregulate CACNAIB expression in HCC cell lines 97H and LM3. The knockdown efficiency was
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Figure 7 Model interpretation based on SurvSHAP. (A) SurvSHAP(t) values over time. (B) Six CPRS-related genes classified by SurvSHAP score.
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Figure 8 Silencing CACNAIB can inhibit the progression of HCC. (A) Relative mRNA expression of CACNAIB in HCC tissues and paired adjacent non-tumor tissues.
Statistical analysis was performed using paired Student’s t-test. (B and C) The siRNA-mediated silencing of of CACNAIB was confirmed by RT-qPCR and immunoblotting.
(D-H) CCK8 (D), colony formation (E and F) and EdU (G and H) were implemented to assess cell proliferation ability. (I and J) The migration ability of cells was evaluated
by a Transwell assay. (K) The relative expression of mesenchymal markers (N-cadherin,vimentin) and CDK2 after CACNAIB silencing.The unprocessed blots underlying
Figure 8 are provided in the Source Data of Figure 8. Data are presented as mean * SD from three independent experiments. Statistical comparisons between two groups
were performed using Student’s t-test (two-tailed, unpaired). *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001.
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confirmed by RT-qPCR and Western blot (Figure 8B and C). The findings indicated that silencing of CACNA1B
suppressed the the proliferation (Figure 8D—H) and metastasis (Figure 81 and J) capacity of HCC cells.

To explore the potential mechanism by which CACNA1B promotes the progression of HCC, we performed Gene Set
Variation Analysis (GSVA) comparing CACNA1B-high and CACNAI1B-low groups across the TCGA, ICGC, and
CHCC cohorts. As shown in Supplementary Figure 3, the GSVA results revealed significant enrichment of oncogenic

pathways in CACNA1B-high tumors, including cell cycle-related pathways (eg., G2-M checkpoint, E2F targets, mitotic
spindle), epithelial-mesenchymal transition (EMT), apoptosis and key HCC driver pathways such as PI3K/AKT/mTOR
and Notch signaling. Western blotting results showed that the expression of cell cycle promoting protein CDK2 and
mesenchymal markers (N-cadherin,vimentin), were significantly decreased after knocking down CACNA1B (Figure 8K).
These results are consistent with our bioinformatic predictions and provide experimental evidence that CACNAI1B
promotes HCC aggressiveness at least in part by modulating cell cycle progression and EMT.

Discussion

Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related mortality worldwide, and its high
recurrence and metastasis rates underscore the urgent need for robust prognostic biomarkers and novel therapeutic
targets.' Calcium ions (Ca”") are classical second messengers that participate in various cellular processes, such as
proliferation, migration, metabolism, and immune regulation.'? Dysregulated calcium homeostasis has been implicated in
the malignant transformation and progression of diverse tumor types through sustained remodeling of calcium flux and
downstream signaling pathways.'? However, in HCC, a malignancy characterized by complex etiologies and pronounced
intratumoral heterogeneity, systematic investigations into calcium-related genes and their prognostic significance have
been limited. In particular, it remains unclear which calcium-related regulators integrate calcium signaling with meta-
static behavior and clinical outcomes in HCC.

In this study, we comprehensively examined the expression and genomic landscape of 392 calcium-related genes in
the TCGA-LIHC cohort and identified 132 differentially expressed calcium-related genes (DE-CaRGs), suggesting
extensive disruption of the calcium signaling network in HCC. Functional enrichment analyses indicated that these DE-
CaRGs are mainly involved in calcium ion transmembrane transport, regulation of cellular calcium ion homeostasis,
cation channel activity, cAMP and MAPK signaling, as well as multiple cardiovascular- and endocrine-related pathways.
These findings are consistent with the notion that aberrant activity of transmembrane calcium channels and transporters
reprograms Ca”*flux, thereby influencing key oncogenic pathways.'® Through bootstrap-Cox screening and random
survival forest analysis, we narrowed down the gene list to 11 regulators closely related to OS, many of which exhibited
frequent copy number alterations, further supporting their functional importance in HCC.

Using LASSO Cox regression, we ultimately identified a six-gene calcium-related signature and construct a CPRS. These
genes play a regulatory role in calcium ion metabolism through different mechanisms, including extracellular matrix
interaction (SPP1), inflammatory and immune modulation (S100A9), voltage-gated calcium influx (CACNA1B), calcium--
dependent protein folding and signaling (FKBP1A), mitochondrial metabolite and ion transport (SLC25A24), and secreted
calcium-binding proteins (CSN1S1). Patients with high CPRS had inferior OS and the risk score remained an independent
prognostic factor after adjustment for conventional clinicopathological variables. Notably, high CPRS was strongly associated
with advanced TNM stage, higher histologic grade, and vascular invasion, indicating that the CPRS can not only predict the
survival of HCC patients, but also reflect the invasive clinical characteristics of liver cancer. Although sex has been reported to

2627 our analysis revealed no significant association between the

influence the prognosis of hepatocellular carcinoma (HCC),
CPRS and sex. This may be because the expression of the calcium-related genes comprising this signature is not substantially
influenced by sex in our study cohort. Indeed, emerging evidence suggests that calcium-related molecules, such as the
calcium-binding protein SI00A1, can exhibit sex-specific regulatory roles in liver pathophysiology,”® warranting further
investigation into whether such mechanisms might affect the expression of CPRS components.

Mechanistically, our pathway analyses provide important clues as to how calcium dysregulation contributes to HCC
progression. GSVA and GSEA consistently revealed that high-CPRS tumors are enriched in hallmark gene sets related to cell

proliferation (MYC targets, E2F targets, G2M checkpoint) and metastasis(EMT).The dysregulation of these pathways has
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been widely recognized in cancer progression. Thus, calcium-related genes may promote HCC progression by coordinating
proliferative and survival programs, disrupting apoptotic control, and fostering a pro-invasive microenvironment.

Besides, we construct a prognostic nomogram that integrated CPRS,TNM stage, and age to further enhance clinical
translation. This model achieved favorable calibration and discrimination for predicting 1-, 3-, and 5-year OS. Decision
curve analysis demonstrated that the nomogram could provide greater net benefit than traditional clinicopathological
factors. These results suggest that calcium-related regulators are prognostic biomarkers that can refine current risk
stratification system for HCC, thereby facilitating individualized prognostic assessment and potentially guiding ther-
apeutic decision-making.

Based on single-cell level analysis, the distribution of CPRS in the HCC tumor microenvironment was elucidated.
CPRS values varied markedly across cell types, with the highest scores in hepatocytes and myeloid cells. When we
divided hepatocytes into pro-metastatic, pro-tumorigenic, and non-malignant subclusters, results showed that pro-
metastatic hepatocytes has the highest CPRS, and there is also a difference in scores between pro-tumorigenic cells
and non-malignant cells. Several key CPRS genes, including SPP1, FKBP1A, CACNAIB, and SLC25A24, were
preferentially expressed in the pro-metastatic subpopulation. These findings suggest that high CPRS is closely associated
with the malignant state of liver cells and may at least partially reflect the metastatic potential of HCC cells. From
a broader perspective, these results support that the dysregulation of calcium-related signaling may be a non-genetic
heterogeneity that may affect the invasion, migration, and response to therapy of liver cancer.

CACNAIB encodes the alB subunit of N-type voltage-gated calcium channels, which are classically involved in
neurotransmitter release but have increasingly been implicated in cancer progression.?' In our study, CACNAIB showed
significant high expression in HCC tissues. This ectopic expression of a neuronal gene in liver cancer raises an intriguing
biological question. Although CACNAI1B is predominantly neuronal, its upregulation in non-neural tumors is not unprece-
dented. Several mechanisms may explain this phenomenon, including neuroendocrine transdifferentiation,?® transcriptional

dysregulation (eg., activation of neuronal transcription factors),’*!

and epigenetic reprogramming during
hepatocarcinogenesis.*> The observed correlation between copy number gain and high expression suggests that genomic
amplification may partially contribute. Future studies investigating the transcriptional and epigenetic regulation of CACNA1B
in HCC would help elucidate why this neuronal channel is co-opted during liver tumorigenesis.SurvSHAP-based model
interpretation confirmed that CACNA1B is one of the most influential determinants of the CPRS, with elevated expression
contributing strongly to increased predicted risk. Functional experiments further demonstrated that silence of CACNA1B
suppressed the proliferative and migratory abilities of HCC cells, supporting a direct oncogenic role.

Mechanistically, CACNA1B may accelerate cell cycle progression and participate in EMT transformation to promote
the proliferation and metastasis of liver cancer. These data suggest that aberrant activation of N-type calcium channels
may enhance Ca*'influx, thereby sustaining oncogenic signaling and promoting HCC growth and metastasis. Given that

CACNAIB has been explored as a druggable target in neurological disorders,>*~*

these findings raise the intriguing
possibility that pharmacological modulation of CACNA1B or N-type calcium channels could be repurposed or optimized
for HCC treatment, particularly in patients with high CPRS. However, the clinical translation of this concept faces
substantial challenges. Ziconotide, a selective Cav2.2 blocker approved for severe chronic pain, requires intrathecal
administration due to its poor blood-brain barrier permeability, which limits its systemic bioavailability and makes it
impractical for treating solid tumors such as HCC.?> Moreover, the widespread expression of CACNAIB in the nervous
system raises concerns about potential neurotoxicity or off-target effects upon systemic inhibition.*® Therefore, direct
repurposing of existing neurological drugs for HCC may not be feasible without significant modification. Future efforts
could focus on developing novel small-molecule inhibitors with improved pharmacokinetic profiles and tumor selectivity,
or exploring targeted delivery systems to minimize neurological adverse effects. Alternatively, screening FDA-approved
calcium channel blockers with different selectivity profiles might identify existing drugs with unexpected anti-tumor
activity and more favorable safety profiles for systemic use. Our findings provide a rationale for such investigations and
highlight CACNA1B as a potential therapeutic vulnerability in HCC.

Other components of the CPRS also appear to participate in pro-tumorigenic calcium-dependent processes. SPP1
(osteopontin) is a secreted phosphoprotein that binds integrins and CD44, modulates calcium deposition, and has been
repeatedly linked to HCC invasion, metastasis, and poor prognosis.’” S100A9 is a calcium-binding protein involved in
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inflammatory signaling and myeloid-derived suppressor cell function.**=° Correlation between myeloid-derived suppres-

3839 |

sor cells and S100A8/A9 in tumor and autoimmune diseases. overexpression can foster a protumorigenic

inflammatory microenvironment.*>*' FKBPIA participates in calcium-dependent regulation of TGF-p and mTOR

signaling,*>**

while SLC25A24, a mitochondrial carrier protein, contributes to calcium buffering and energy metabo-
lism, which may support rapid tumor growth under metabolic stress.** CSN1S1, although traditionally viewed as a milk
protein, has emerging roles in modulating immune responses and calcium binding.*> The convergent integration of these
channels, transporters, and calcium-binding proteins into a single prognostic model underscores the centrality of calcium
signaling in orchestrating multiple malignant hallmarks of HCC.

Our study also provides a framework for linking calcium-related prognostic signatures to potential therapeutic
strategies. While we did not focus on specific calcium channel blockers or targeted agents in this work, previous clinical
and preclinical studies have shown that pharmacological inhibition of certain calcium channels can exert anti-tumor
effects in several cancer types.”’ The strong association between high CPRS and aggressive, proliferation-driven,
metastatic phenotypes suggests that combination regimens targeting both calcium channels (eg., CACNAI1B or related
components) and canonical oncogenic pathways may yield synergistic efficacy. Furthermore, given that CPRS is
quantifiable at the transcriptomic level, it may serve as a biomarker for screening patients who could benefit from
therapies targeting calcium metabolism, thereby optimizing personalized treatment.

Several limitations of our study should be acknowledged. First, although the CPRS was constructed and validated in
multiple independent cohorts and demonstrated robust predictive performance, all primary analyses were retrospective and
based on public datasets. Prospective validation in large, multi-center clinical cohorts is required before the CPRS can be
routinely implemented in clinical practice. Second, the validation mainly focused on CACNA 1B, however, the mechanisms
through which other CPRS genes including FKBP1A, SLC25A24, and CSN1S1 drive HCC progression still need to be
elucidated. Third, although single-cell analysis provided insights into the distribution of CPRS in the tumor microenviron-
ment, functional experiments at the single-cell or spatial level are needed to confirm the relationship between calcium-related
gene, cell subpopulations, and metastasis behavior. Finally, while our in vitro findings consistently support the pro-
tumorigenic role of CACNA1B in HCC, we acknowledge that direct measurement of calcium flux and in vivo animal studies
would provide more definitive evidence for its mechanism and therapeutic potential. Future investigations incorporating
calcium imaging and orthotopic tumor models are warranted to further validate our conclusions.

Conclusion

In this study, we systematically characterized the dysregulation of calcium-related genes in HCC and established a six-
gene CPRS that could robustly predict survival and correlates with aggressive clinicopathological features. The CPRS-
based nomogram provides a valuable tool for individualized risk stratification. Moreover, single-cell and model-
interpretation analyses highlight CACNAI1B together with SPP1, FKBP1A, SLC25A24, S100A9, and CSN1S1, as
critical calcium-related regulators of HCC progression. These findings not only deepen our understanding of how
aberrant calcium signaling shapes the malignant phenotype of HCC but also provide a rationale for further mechanistic
and therapeutic exploration of CACNAIB and other calcium-related targets in this deadly disease.
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