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Background: Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality. Angiogenesis drives HCC progression,
but reliable biomarkers remain limited.

Methods: We analyzed angiogenesis-related genes (ARGs) using TCGA data, constructed a prognostic signature via LASSO-Cox
regression, and validated it in ICGC and real-world HCC cohorts. Functional experiments (in vitro and in vivo) were performed for
Secretory phosphoprotein 1 (SPP1). Single-cell RNA-seq data mapped cellular sources of signature genes. Drug sensitivity (GDSC2)
and sorafenib-treated GEO data assessed therapy response.

Results: A four-gene ARG signature (APOH, SLCO2A1, SPP1, VIN) stratified HCC patients into high- and low-risk groups with
distinct survival, validated in external cohorts. The high-risk group showed enriched immune checkpoint expression and stromal
activity. Single-cell analysis revealed SPP1 mainly from macrophages and hepatocytes; VIN, APOH, and SLCO2A1 from monocyte/
macrophage subsets. SPP1 knockdown suppressed endothelial angiogenesis in vitro and in vivo. High-risk patients exhibited reduced
sorafenib sensitivity (higher IC50), and sorafenib treatment downregulated APOH, SPP1, and VTN but not SLCO2A1.
Conclusion: We established a robust ARG-based prognostic signature for HCC that improves risk stratification and highlights links
between angiogenesis, immune microenvironment, and drug response.
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Introduction
Hepatocellular carcinoma (HCC) is the sixth most common malignancy and the third leading cause of cancer-related deaths
worldwide.' Basic research in HCC has gained critical importance, given limited therapeutic advances and persistently poor
patient prognosis over the past decade.> Angiogenesis represents a fundamental requirement for tumor progression.* During
early tumorigenesis, HCC exists as avascular tumor cell clusters in a histologically “dormant” state, relying primarily on
passive diffusion for oxygen, nutrient, and growth factor acquisition.* ® Subsequent tumor progression is strictly dependent
on angiogenic capacity. Folkman posits that the transition to aggressive tumor growth requires initiation of sustained
neovascularization, evidenced by robust angiogenic activity in rapidly proliferating tumors versus its absence in dormant
lesions.” Subsequently, accelerated development of anti-angiogenic agents and therapeutic strategies has revolutionized
clinical paradigms, providing critical mechanistic insights for tumor interception and treatment.®°

HCC, a hypervascular solid tumor, exhibits pronounced dependence on angiogenesis for progression. Notably,
angiogenesis-targeting agents constitute the cornerstone of current first- and second-line therapies for advanced HCC,
such as tyrosine kinase inhibitors including sorafenib, Lenvatinib and Regorafenib.'® However, therapies developed
against currently identified angiogenic targets also suffer from the disadvantage of drug resistance.'' The development of
new and effective molecular targets provides additional options for early diagnosis and therapy approaches, as well as
additional clinical benefits for HCC patients.
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In this study, we identified angiogenic molecules from multiple clinical databases that have an important impact on
HCC patients through a variety of biological methods and established prognostic models to fully explore their roles in the
prognosis of HCC and provide new ideas for the diagnosis and treatment of HCC.

Materials and Methods

Data Source
The prognostic model for HCC angiogenesis-related genes (ARGs) was trained using transcriptomic data from The
Cancer Genome Atlas (TCGA-LIHC cohort; n=347 HCC patients). External validation employed an independent cohort
from the International Cancer Genome Consortium (ICGC-LIRI-JP; n=203 HCC patients). Both datasets encompassed
comprehensively annotated transcriptomic profiles and clinicopathological parameters. The 36 Hallmark ARGs were
acquired from the Molecular Signatures Database (MSigDB) via the Gene Set Enrichment Analysis (GSEA) portal.
Analysis of the relationship between drug sensitivity and four ARGs utilized chip data derived from HCC samples
accessible via the GEO database (GSE109211, n=140, https://www.ncbi.nlm.nih.gov/geo/). The data were normalized
using the function normalizeBetweenArrays from the limma package, and then the data is transformed by taking log2 to

get the full expression matrix.
A cohort of 120 HCC specimens was procured from residual tumor tissues of patients treated at Xiangya Hospital,
Central South University. All samples underwent independent histopathological validation.

Data Process

Normalization of Raw Data

Raw TCGA transcriptome data for HCC were normalized using the DESeq2 R package. ICGC patient transcriptome and
clinicopathological data were processed using Perl and R. Box plots of ARG expression were generated using the ggpubr
package. Heatmaps were plotted using the heatmap package. Protein—protein interaction (PPI) networks and Pearson
correlation plots of the ARGs were constructed with the reshape2 and corrplot packages.

GO and KEGG Analyses
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses of
angiogenesis-related genes were performed with the ClusterProfiler R package.

Cluster Analysis
Patients with HCC in TCGA were clustered based on 26 ARGs using the ConsensusClusterPlus R package. The optimal
number of clusters was determined by the cumulative distribution function (CDF) index.

Gene Set Variation Analysis
Gene set variation analysis (GSVA), an unsupervised non-parametric method, was used to systematically investigate
pathway enrichment of differentially expressed genes (DEGs) across distinct molecular clusters.

ESTIMATE Analysis of the Immune Microenvironment Among Different Clusters

Stromal, immune, and tumor purity scores were compared between Cluster 1 and Cluster 2 using the ESTIMATE
R package. Concurrently, inhibitory and activating immune regulators were systematically profiled to delineate immu-
nomodulatory divergence between the two clusters.

Single-Sample Gene Set Enrichment Analysis (ssGSEA)
Differences in immune cell infiltration between the two clusters were assessed using ssGSEA.

Construction of the ARG-Based Prognostic Risk Model

The intersection of the 36 Hallmark ARGs with DEGs from TCGA-HCC yielded 26 significantly dysregulated ARGs.
Univariate Cox regression identified nine prognosis-associated ARGs among TCGA liver cancer patients. LASSO
regression further selected four ARGs for model construction. Patients were stratified into high- and low-risk groups
based on LASSO-derived risk scores, and corresponding survival curves were generated. This prognostic signature was
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externally validated in the ICGC dataset. Finally, univariate and multivariate Cox proportional hazards analyses
confirmed the independent prognostic value of the risk model.

Single-Cell RNA-Seq Analysis

Single-cell RNA sequencing data from five HCC patients at Xiangya Hospital, Central South University were processed
and analyzed using the Seurat package (version 5.3.0) in R. Quality control filtering was first performed to exclude cells
expressing fewer than 200 or more than 10,000 genes, or those with mitochondrial gene content exceeding 10% (with 5—
10% being the typical viable threshold). The FindVariableFeatures function was applied to identify the top 2000 highly
variable genes for downstream analysis. Principal component analysis (PCA) was then conducted using the RunPCA
function. Batch effects across samples were corrected using the Harmony algorithm.

Using the first 20 principal components, cell clustering was performed with the FindNeighbors and FindClusters functions
at a resolution of 0.3. UMAP was employed for dimensionality reduction and visualization of cell clusters. Cell types were
manually annotated using the CellMarker 2.0 database (http://117.50.127.228/CellMarker/)'*'? and relevant literature, and
the expression distribution of SPP1, SLCO2A1, VTN, and APOH across the identified cell types was determined.

Pharmacosensitivity Profiling

Pharmacosensitivity profiling was conducted utilizing the Genomics of Drug Sensitivity in Cancer 2 (GDSC2) database
(https://www.cancerrxgene.org/). The risk signature derived from four LASSO-identified genes (SPP1, SLCO2A1, VTN,
and APOH) were subjected to computational pharmacology interrogation via the oncoPredict R package. This analysis

delineated the therapeutic vulnerability landscape associated with the prognostic gene signature across 198 FDA-
approved compounds.

Protein Analysis of Drug Targets and Molecular Docking

The 3D structure of sorafenib (PubChem CID: 216239) was downloaded from the PubChem Compound database (https://
pubchem.ncbi.nlm.nih.gov/). Canonical protein structures for four target proteins - APOH (IDENTIFIER:1C1Z), SPP1
(IDENTIFIER: 3CXD), VTN (IDENTIFIER: 10C0), and SLCO2A1 (IDENTIFIER: 3MMR) - were acquired from
UniProt (https://www.uniprot.org/). Molecular docking analyses were performed using CB-Dock?2 (https://cadd.labshare.

cn/cb-dock2/) to investigate sorafenib-target binding modes and determine optimal protein binding sites.

Analysis of the Relationship Between Sorafenib Sensitivity and the Four-ARG
Transcriptomic profiles from 214 HCC specimens were retrieved from the GEO database (GSE109211). Expression data
for sorafenib responders and non-responders were extracted, and the expression levels of APOH, VTN, SLCO2A1, and
SPP1 were compared between the two groups.

Cell Culture

Human umbilical vein endothelial cells (HUVECs) were maintained in endothelial cell growth medium (Procell, Cat. no.
CM-HO082). Hepatocellular carcinoma (HCC) cell lines-Huh1, HepG2, Hep3B, LM3, and Huh7-were cultured in high-
glucose Dulbecco’s Modified Eagle Medium (DMEM) or Minimum Essential Medium (MEM) as appropriate. The
immortalized normal hepatocyte line THLE-2 was cultured in a specialized medium (Procell, Cat. no. CL-0833). All cell
lines were acquired from Procell Life Science & Technology Co., Ltd. (Wuhan, China) and incubated in a humidified
incubator at 37°C with 5% CO,.

Immunohistochemistry (IHC)

HCC tissue microarrays were sliced in 4 um serial sections, then dewaxed and rehydrated in a gradient in ethanol. The
IHC steps followed standard protocols, and the kit used was the Mouse/Rabbit Enhanced Polymer Assay Detection
System (Cat. no.PV-9000, ZSGB-BIO). Antibodies used were as follows: VIN (Cat. no. 66398-1-Ig, Proteintech; 1:
300); SLCO2A1 (Cat no. 14327-1-AP, Proteintech, China; 1: 200); APOH (Cat. no. 66074-1-Ig, Proteintech, China; 1:
100); SPP1 (Cat no. AF0227, Affinity, China; 1: 100); CD31 (Cat. no. 347526, ZENBIO, China; 1: 200); Ki-67 (Cat. no.
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AF0198, Affinity, China; 1: 200). PBS instead of primary antibody treatment was selected as a negative control for each
indicator. Each staining factor was evaluated according to defined criteria.

RNAi (RNA Interference)

The canonical coding sequence of SPP1 (RefSeq accession: NM 000582.3) and SLCO2A1 (NM _005630.3) was
acquired from GenBank in FASTA format. Computational siRNA design was subsequently executed via siDirect 2.0
(https://sidirect2.rnai.jp/) under stringent parameters. Candidate sequences underwent rigorous BLASTn analysis. Three

siRNA constructs demonstrating maximal target specificity were synthesized by Sangon Biotech (Shanghai).
A scrambled non-targeting siRNA (si-NC) served as the negative control. The sequences of SPP1 and SLCO2A1
siRNA are listed in Table 1.

HCC cell lines (HepG2 and Huh7) were seeded at a density of 1x10° cells/well in 6-well plates. Transfection was
initiated at 70% confluency using Lipofectamine™ 3000 (Invitrogen, USA; Cat. no. L3000015) in strict accordance with
manufacturer’s specifications. Preliminary functional screening identified the si-SPP1#1 and si-SLCO2A1#2 constructs
as exhibiting superior knockdown efficiency (>85% transcript reduction), warranting their selection for subsequent
mechanistic investigations.

We used a lentiviral system for stable SPP1 knockdown. Briefly, shRNAs against SPP1 or a non-targeting control
were synthesized and inserted into the pHBLV-U6-MCS-PGK-PURO vector (Hanbio Biotechnology, Shanghai, China).
HCC cells were infected with the resulting lentiviruses. After selection with 1 pg/mL puromycin, resistant cells were
pooled. Knockdown efficiency was verified by Western blot analysis.

Western Blot Analysis

HepG2 and Huh7 cells were lysed in RIPA buffer containing protease inhibitors, briefly sonicated, and centrifuged at
10,000 x g for 10 min at 4°C. Protein concentrations were determined by BCA assay. Equal amounts of protein (40 ug)
were denatured, separated by 10% SDS-PAGE, and transferred to PVDF membranes. Membranes were blocked with 5%
non-fat dry milk in TBST for 1 h at room temperature, then incubated overnight at 4°C with primary antibodies. After
washing, membranes were incubated with HRP-conjugated secondary antibodies (1:2000) for 1 h. Protein bands were
visualized using ECL and imaged on a ChemiDoc MP system. Band intensities were quantified with ImageLab 6.1 and
normalized to GAPDH (The raw Western blot images are shown in Supplementary Figure S1).

Angiogenesis Assay

Conditioned medium (CM) was prepared by culturing cells at 60% confluency in serum-free DMEM for 24 h. The
supernatant was harvested as CM. Matrix collagen solution (Cat. no. 082706, ABWBio) was thawed on ice, added to 48-
well plates (150 pL/well), and allowed to polymerize at 37°C for 30 min. HUVECs were serum-starved for 8 h, washed
with PBS, trypsinized, and resuspended in CM at 2 x 10° cells/mL. Cell suspension (200 pL) was seeded into each well,
with duplicate wells per condition. Tube formation was imaged at 4, 6, 8, and 12 h using an inverted microscope.
Capillary length was quantified with the Angiogenesis Analyzer plugin in ImagelJ (version 1.8.0.345).

Table | Optimized siRNA Constructs Targeting
Human SPPI  (NM_000582.3) and Human
SLCO2AI (NM_005630.3)

siRNA AntiSense Sequence (5’-3’)
Si-SPPI#1- GAAAAGCAGCUUUACAACAAA
Si-SPP[#2 CCAUUCUGAUGAAUCUGAUGA
Si-SPP1#3 GUUUAUUGGUUGAAUGUGUAU

Si- SLCO2AI#1 | UUGUUGAUGAAUGACCUCCUU
Si- SLCO2A1#2 | UUGCUGAUCUCAUUCAAGCUG
Si- SLCO2A1#3 | UAAAGCUGAAGAAAUGAGCAG
Si-NC UUCUCCGAACGUGUCACGUTT
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HUVEC Cell Transwell

The upper surface of Transwell inserts was coated with diluted Matrigel and incubated at 37°C to allow gelation. CM
containing FBS (600 pL) was added to the lower chamber. HUVECs were serum-starved for 12 h, trypsinized, and
resuspended in serum-free medium. A total of 1 x 10* cells were seeded into the upper chamber. After 24 h, non-invading
cells on the upper membrane surface were gently removed with a cotton swab. Invaded cells were fixed in 4%
paraformaldehyde for 15 min, stained with crystal violet for 10 min, and counted in three random fields under an
inverted microscope.

Xenograft Tumors
Subcutaneous xenograft tumors were established in nude mice by inoculating HepG2 cells with stable SPP1 knockdown.
Tumor volumes were monitored, and the expression of SPP1, CD31, and Ki-67 was assessed by IHC.

Statistical Analysis
Graphical presentation was performed using GraphPad Prism software (Version 9.5.1).

Statistical significance was determined using the following tests: Student’s #-test (two-tailed) for comparisons between
two groups; Chi-square test to assess the relationship between SPP1 expression and clinicopathological characteristics; Log
rank test to compare differences in survival curves generated by the Kaplan—Meier method. In all analyses, a P value <0.05
was considered statistically significant.

Results

Identification and Biological Function Analysis of Differentially Expressed ARGs

Given the critical role of angiogenesis in HCC, we extracted 36 ARGs from the MSigDB Hallmark Angiogenesis gene
set. Differential expression analysis using RNA-seq data from the TCGA HCC cohort (374 tumor vs 50 normal liver
tissues) identified 26 significantly dysregulated ARGs (P < 0.05; Figure 1A and B). GO enrichment analysis revealed that
these ARGs were associated with cellular components such as the vessel lumen and collagen-containing extracellular
matrix; molecular functions including heparin binding, sulfur compound binding, signaling receptor activator activity,
and growth factor binding; and biological processes such as blood coagulation, extracellular matrix organization, and
regulation of wound healing (Figure 1C). KEGG pathway analysis further showed significant enrichment in focal
adhesion, the PI3K-Akt signaling pathway, proteoglycans in cancer, and regulation of actin cytoskeleton (Figure 1C).
A protein—protein interaction network was constructed and visualized in Cytoscape, demonstrating extensive interactions
among most of these genes (Figure 1D and E).

Identification of 26 ARGs Between Clusters and the Tumor Immune

Microenvironment

To validate the clinical prognostic utility of the 26 ARGs, we employed the ConsensusClusterPlus R package to stratify
TCGA-HCC patients. The Cumulative Distribution Function (CDF) and consensus matrices demonstrated optimal
clustering stability at k = 2 (Figures 2A—C). Kaplan-Meier analysis revealed significantly prolonged survival in
Cluster 1 versus Cluster 2 (log-rank P = 0.01; Figure 2D). Consistently, heatmap and Sankey diagram analyses indicated
that Cluster 2 correlated with adverse clinicopathological features, including advanced tumor stage and grade (Figure 2E
and F). KEGG enrichment analysis showed that Cluster] was enriched in immune/inflammatory pathways, and Cluster2
in cancer, cardiomyopathy, infection, and metabolic pathways (Figure 2G).

Given the critical role of tumor-infiltrating immune cells in HCC pathogenesis, we next evaluated inter-cluster
differences in immune infiltration, immune checkpoint molecule expression, and the tumor microenvironment. Cluster 2
exhibited significantly greater immune cell infiltration-including macrophages, MHC class I-expressing cells, and
regulatory T cells (Tregs)-compared to Cluster 1 (Figure 3B and C). However, Cluster 2 demonstrated elevated
expression of inhibitory immune checkpoint molecules, including BTLA, CTLA4, PD-L1 (CD274), CD96, CSF1R,
HAVCR2, IL-10, LGALS9, and TGFB (Figure 3A). This enhanced immunosuppressive signature likely contributes to
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Figure | Identification and biological function analysis of differentially angiogenesis-related genes (ARGs). (A and B) Expression profiles of the 36 ARGs in the TCGA-HCC
dataset, depicted via a bar plot and a heatmap showing hierarchical clustering; (C) GO enrichment analysis characterized the DEGs across molecular functions (MF),
biological processes (BP), and cellular components (CC), while KEGG pathway analysis delineated significantly enriched signaling pathways. (D) Pairwise correlations among
the 26 ARGs were quantified using Pearson correlation analysis. P < 0.001 indicates significant correlation. Red: positive; Blue: negative. P > 0.001: not significant (cross

symbols). (E) A protein-protein interaction (PPI) network was constructed for these 26 ARGs and topologically visualized using Cytoscape. Statistical significance denoted
as: ns, not significant P > 0.05; *: P < 0.05; **: P < 0.01; *** P < 0.001; ***: P <0.0001.

the poorer prognosis observed in patients within Cluster 2. ESTIMATE analysis further revealed that Cluster 2 possessed
higher immune and stromal scores, alongside reduced tumor purity (Figure 3D). Collectively, these findings indicate that
the molecular classification based on these 26 ARGs is significantly associated with the immune microenvironment
landscape in HCC.

Construction of Angiogenesis -Related Signature

Univariate Cox regression analysis of the 26 ARGs identified nine prognostic ARGs. Subsequent LASSO regression
refined this signature to four core genes: APOH, SLCO2A1, SPP1, and VTN (Figure 4A and B). To validate their role in
HCC, TCGA-HCC patients were stratified into high- and low-risk groups based on LASSO-derived risk scores. The
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Figure 2 Identification of Angiogenic Subtypes in HCC. (A) Consensus Clustering Analysis of HCC Patients Based on 26 Angiogenesis-Related Genes when k=2. (B) Relative
alterations in the area under CDF curve when k=2-9. (C) Principal Component Analysis Revealed Two Distinct Clusters in Hepatocellular Carcinoma Patients (D) Kaplan—Meier
curve for overall survival of different clusters (Log rank test). (E) Association Analysis Between Angiogenesis Subtypes and Clinical Characteristics in a HCC Cohort (Age, Gender,
Stage, Grade, Survival Status) (F) The Sankey diagram showing the relationships between C| and C2 clusters, including stage Tumor grade, Pathologic stage, Stage Tand live status.
(G) The heatmap visualizes enrichment levels of gene variant sets across two distinct Cluster. *: P < 0.05; **: P < 0.01; ***: P < 0.001 for Cluster | vs Cluster 2.

clinical Sankey diagram showed that most patients in Clusterl were at low risk and ultimately survived, whereas most
patients in Cluster2 were at high risk and had an outcome of death (Figure 4C). Univariate and multivariate Cox analyses
confirmed the risk score as an independent prognostic factor for HCC (Figure 4D and E).

This four-ARG model was further validated in an independent ICGC cohort. High-risk patients exhibited markedly
reduced survival (log-rank P < 0.05; Figure 4F). Time-dependent ROC analysis revealed AUC values of 0.727 (1-year),
0.687 (2-year), and 0.651 (3-year) in TCGA, and 0.652 (1-year), 0.659 (2-year), and 0.664 (3-year) in ICGC (Figures 4G-I).
Consistent expression patterns were observed across both cohorts: SPP1 was upregulated in high-risk patients, while
APOH, SLCO2A1, and VTN were downregulated (P < 0.05; Figure 4J and K). Collectively, the four-ARG prognostic
model demonstrated robust predictive accuracy in both TCGA and independent ICGC validation cohorts.
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Figure 3 Identification of 26 ARGs Between Clusters and the Tumor Immune Microenvironment. (A) Box plots depicting mRNA expression levels of immune checkpoints
in Cluster | versus Cluster 2. (B and C) Composite figure presenting ssGSEA-derived immune landscape profiles across clusters, integrating box plots and hierarchical
clustering heatmap. (D) Comparative analysis of tumor microenvironment scores (Stromal, Immune, and ESTIMATE) between Cluster | and Cluster 2. Statistical significance
denoted as: ns, not significant P > 0.05; *: P < 0.05; ** P < 0.01; *** P < 0.001; **** P <0.0001.

Association of the Four ARGs with Immune Features and Prognosis in HCC Patients
Given the robust predictive performance of APOH, SLCO2A1, SPP1, and VTN in HCC prognosis, we examined their
associations with patient survival in the TCGA cohort. Elevated SPP1 expression correlated with significantly poorer survival,
whereas high expression of APOH, SLCO2A1, and VTN was associated with improved outcomes (Figure 5A; all P < 0.05).

We further investigated relationships between these four ARGs and immune checkpoint molecules. As shown in
Figure 5B, APOH exhibited negative correlations with TGFBI1 (r = —0.34, P < 0.05) and VTCNI1 (r = —0.44, P < 0.05).
SLCO2A1 showed a positive correlation with CD96 (r = 0.23, P < 0.05). SPP1 demonstrated positive correlations with
TGFB1 (r = 0.27, P < 0.05) and CTLA4 (r = 0.23, P < 0.05).

VTN displayed negative correlations with CD274 (r = —0.26, P < 0.05) and VTCNI1 (r = —0.30, P < 0.05). Notably,
expression of APOH, SLCO2A1, and VTN progressively decreased with advancing tumor grade, T stage, and patholo-
gical stage (P < 0.05, Figure 5C). Conversely, SPP1 expression significantly increased across these clinicopathological
progression parameters (P < 0.05).

Single - Cell RNA Sequencing Reveals Specific Enrichment of SPPI, APOH, SLCO2AI,

and VTN in HCC Cells

To characterize the expression profiles of SPP1, APOH, SLCO2A1, and VTN in HCC, we obtained and analyzed single-
cell RNA sequencing data from five HCC patients at Xiangya Hospital, Central South University, yielding a total of
37,279 cells. Following principal component analysis and UMAP-based clustering, the cells were categorized into 20
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Figure 4 Construction of Angiogenesis -Related Signature. (A) Univariate Cox regression identifies ARG prognostic for overall survival. (B) LASSO regression with
minimum lambda penalty selects four ARG. (C) Sankey diagram depicting interrelationships among molecular clusters (Cluster 1/2), LASSO-derived risk stratification, and
survival status. (D and E) Univariate and multivariate analyses confirm the risk score as an independent prognostic factor in HCC. (F) Kaplan-Meier curves compare overall
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distinct clusters (Figure 6A). Cell type annotation identified six major lineages: T cells, endothelial cells, hepatocytes,
fibroblasts, myeloid cells, and B cells (Figure 6B). Comparative analysis revealed high abundance of T cells in three
patients, elevated endothelial cell proportions in two patients, and relatively consistent myeloid cell fractions across all
five patients (Figure 6C). UMAP visualization of gene expression demonstrated that SPP1 was predominantly expressed
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Figure 5 Validation of the biological roles of the ARGs. (A) Differential overall survival analysis with Kaplan-Meier curve visualization in TCGA cohort, stratified by high
versus low expression groups of four ARG genes. (B) Correlational analysis between four angiogenesis-related genes (ARGs) and key immune checkpoint molecules. (C)
Association of APOH, SLCO2AI, SPP1, and VTN expression levels with clinical characteristics: tumor grade, T stage, and pathological stage.
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Figure 5 continued.

in myeloid cells and hepatocytes, while VIN and APOH were mainly localized to hepatocytes, and SLCO2A1 was
primarily detected in endothelial cells (Figure 6D).

Myeloid cells were then subclustered for further analysis, resulting in their classification into M1 macrophages,
CD14" monocytes, M2 macrophages, activated dendritic cells, and mast cells (Figure 6E). Further investigation revealed
that SPP1 was largely expressed in both M1 and M2 macrophages; VTN and APOH were detected in M1 macrophages
and CD14" monocytes; and SLCO2A1 was also present in CD14" monocytes (Figure 6F).

Validation of the Biological Roles of the ARGs

We retrospectively collected 120 HCC and paired adjacent non-tumor tissues and constructed tissue microarrays (TMA)
to examine the protein expression levels of APOH, SLCO2A1, SPP1, and VTN. As shown in Figure 7A, the expression
levels of SPP1 and SLCO2A1 were significantly higher in HCC cancer tissues than in adjacent ones (P < 0.05,
Figure 7A), and the expression of APOH and VTN was significantly lower in HCC cancer tissues than in adjacent

Journal of Hepatocellular Carcinoma 2026:13 hetps: 11



Zhu et al

100
cell.tpye
°0
e 1
°2
10 °3 B
® 4 10 075—
e 5
56
e - W Tel
* 38 cel ;.
P 9 o~ Endothelial cell § M Endothelial cell
] €
E o % 10 g . S oso W Hepatocyte
Bl ° 1 £ © Fibroblast cell 3 N
® 12 50 o Mysloid cell 3 W Fibroblast cell
® 13 Bcell W Myeloid cell
o 14 W Bell
° 15
® 16
° 17 025
=10 ® 18 =10
® 19
10 -5 5 10 15 -10 -5 0 5 10 15
umap_1 umap_1 000 —
SPP1 VTN SLCO2A1
10 10 10
X
2.00 2.00
~ 175 & 175 N -
g 150 § 1.50 g
E o 125 § 0 125 5°¢ )
1.00 1.00 . e
4 5 . 4, 5
-10 -10 - -10 § RS -10 3
Rl T d
-10 10 -10 0 10 -10 [ 10 -10 0 10
umap_1 umap_1 umap_1 umap_1

E F SLCO2A1
celltype
5 5
2.00
~ o 175
g 0 g o 1.50
5§ g 125
5 oy 1.00
-5 B -5
Mast ol ! 3
st cell
o Acﬁv‘w Dc . ® M2_Macro -10 -10 -
| P ® Mono_CD14 = 3 =
g 0 %} 7 ® M1_Macro umap_1 umap_1
g X ® Activatied Dc VTN APOH
f, FPRL © Mast cell
'\ &.'}.
- 5 '.'_ A 5
. = 2.00 , 2.00
~, 175 & 175
g ° 150 § © 1.50
5 125 § 125
10 ' ' . 5 1.00 . 1.00
-10 0
umap_1
—10 w -10 =
-10 [ -10 0
umap_1 umap_1

Figure 6 Single-cell RNA-seq Analysis. (A) PCA and UMAP clustering were used to classify cells into 20 distinct clusters. (B) The 20 clusters were annotated and
categorized into six major cell groups. (C) Stacked bar plot showing the proportional distribution of T cells, endothelial cells, hepatocytes, myeloid cells, B cells, and
fibroblasts across different HCC samples. (D) UMAP visualization illustrating the expression patterns of SPP|, APOH, and SLCO2AI across various cell types. (E) Myeloid

cells were extracted and re-embedded using UMAP, revealing five distinct myeloid subpopulations. (F) UMAP plots displaying the expression of target genes SPP1, APOH,
SLCO2AI, and VTN within myeloid cell subpopulations.

ones (P < 0.05). Based on the protein expression levels and searching the literature, we finally identified SPP1 as the
target for subsequent in vitro functional studies. An initial examination of the relationship between SPP1 expression and
clinical characteristics in HCC patients showed that SPP1 levels were significantly associated with tumor differentiation,
T stage, M stage, and pathologic stage (P < 0.05, Table 2). Consistent with this, Kaplan-Meier analysis demonstrated that
HCC patients with high SPP1 expression had significantly adverse overall survival compared to those with low
expression (Median OS: 39 vs. 47 months; log-rank P = 0.023; Figure 7B).
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Figure 7 Validation of the biological roles of the ARGs. (A) IHC quantification of APOH, SLCO2AI, SPPI, and VTN protein expression in paired tumor and adjacent tissues
from HCC patients. (B). Kaplan-Meier estimates of overall survival according to SPP| protein expression levels in a real-world HCC cohort. (C) Comparative analysis of
SPPI expression across normal hepatocyte (THLE-2) and HCC cell lines (Huhl, HepG2, Hep3B, LM3, Huh7) via immunoblotting. (D) Western blot validation of SPP1/
SLCO2AI protein knockdown efficiency following siRNA transfection in HepG2 and Huh7 cells. (E) Endothelial tube formation assays evaluating angiogenic capacity of
HUVECs treated with conditioned media from distinct experimental groups. (F) Transwell migration assays quantifying HUVEC motility alterations under differential
microenvironmental conditions. *: P < 0.05; **: P < 0.01; **¥ P <0.0001.
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Table 2 The Relationship Between the SPP| Protein Expression and
Clinicopathological Features in HCC

Characteristics n SPPI Expression (n=114)
High (66) | Low (48) | P

Age (years) <50 43 | 22 21 0.2572
>50 71 | 44 27

Sex Male 84 | 48 36 0.7856
Female 30 | I8 12

Cirrhosis 0 54 | 27 27 0.1053
| 60 | 39 21

Tumor size (mm) | <50 55 | 28 27 0.1447
>50 59 | 38 21

Differentiation Well-Mod | 79 | 38 41 <0.01
Poor 35 | 28 7

T stage TI/2 47 | 17 30 <0.001
T3/4 67 | 49 18

N stage 0 94 | 51 43 0.0879
| 20 | 15 5

M stage 0 85 | 43 42 <0.01
I 29 | 23 6

Stage 11l 45 | 14 31 <0.001
/v 69 | 52 17

Note: Bold P values mean P < 0.05.

We further examined SPP1 protein expression in a panel of HCC cell lines (Huh1, HepG2, Hep3B, LM3, Huh7) and
the immortalized normal hepatocyte line THLE-2. HepG2 and Huh7 cells, which displayed the highest SPP1 expression,
were selected for siRNA-mediated knockdown (Figure 7C and D). Angiogenesis assay revealed that the angiogenic
capacity of HUVECs in the SPP1 knockdown group was significantly lower than that of the control group (Figure 7E,
P < 0.05). Transwell assay further showed that SPP1 knockdown markedly inhibited the migration capacity of HUVECs
(Figure 7F, P < 0.05). In contrast, silencing SLCO2A1 significantly enhanced both the angiogenic capacity and migration
of HUVECs (Figure 7E and F, P < 0.05).

To further investigate the role of SPP1 in HCC angiogenesis, we generated a stable SPP1-knockdown HepG2 cell line
and established a subcutaneous xenograft model in mice. Tumors derived from the sh-SPP1 group exhibited significantly
smaller volumes than those from the control group (P < 0.05, Figure 8A and B). Furthermore, IHC analysis showed
marked reductions in the levels of the angiogenesis marker CD31 and the proliferation marker Ki-67 in the SPP1-
knockdown tumors (P < 0.05, Figure 8C and D).

Pharmacosensitivity Profiling and Molecular Docking
To elucidate the regulatory roles of APOH, SLCO2A1, SPP1, and VTN in HCC angiogenesis, we stratified patients into
high- and low-risk groups based on LASSO-derived risk scores. Using the GDSC2 database and OncoPredict R package,
we subsequently analyzed differential therapeutic sensitivity to anti-angiogenic agents between risk groups stratified by
these four ARGs. We noted that high-risk patients exhibited significantly higher ICsy values for sorafenib (PubChem
CID: 216239) compared with low-risk patients, indicating reduced drug sensitivity. (P < 0.05; Figure 9A). Figure 9B
displays sorafenib’s molecular structure.

Molecular docking via CB-Dock was employed to characterize binding interactions between sorafenib and the four
target proteins, identifying optimal binding poses (Table 3 and Figure 9C). Finally, we assessed sorafenib treatment
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Figure 8 SPP| knockdown impairs HCC tumorigenesis and angiogenesis in vivo. (A) Representative images and quantitative data of subcutaneous tumors from mice
injected with HepG2 cells stably expressing either a non-targeting control (sh-NC) or an SPP|-targeting shRNA (sh-SPP1). (B) Statistical Chart of Tumor Volume for Two
Groups. (C) IHC staining of the corresponding tumor tissues for CD3 | (angiogenesis) and Kié7 (proliferation) demonstrates a concomitant reduction in both markers upon
SPP1 depletion. (D) Comparison of IHC scores for SPPI, CD31, and Ki-67 between the sh-NC and sh-SPPI groups. ***: P < 0.001.

effects on target gene expression. Responders to sorafenib therapy showed significant downregulation of APOH, SPP1,
and VTN (all P < 0.05), while SLCO2A1 expression remained unchanged (P > 0.05).

Discussion

Angiogenesis is not only essential for sustained tumor growth but also a key driver of HCC invasion, metastasis, and treatment
resistance.'* It is regulated by a network of pro-angiogenic factors (eg, VEGF family, FGF, PDGF) and inhibitors (eg, angiostatin,
endostatin, thrombospondin-1), along with ECM components.'>'® Recent studies show that multiple immune cells—particularly
tumor-associated macrophages (TAMs), neutrophils, mast cells, and certain T cell subsets—are critical sources of pro-angiogenic
factors,'” while aberrant tumor vasculature further hinders immune infiltration and impairs antitumor effects, ultimately forming
an immunosuppressive tumor microenvironment (TME).'® Elucidating this reciprocal crosstalk between angiogenesis and
immunity therefore offers promising therapeutic opportunities to enhance cancer treatment.
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cohorts. Statistical significance denoted as: ns, not significant P > 0.05; ***: P < 0.0001.
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Table 3 Drug and Molecular Docking Targets

Target Genes | PDB ID Drugs PUBCHEM ID | CurPocket ID | Cavity Volume (A®) | Vina Score
APOH IQUB Sorafenib 216239 C3 133 -8.2
SLCO2AI 3MMR | Sorafenib 216239 Cl 1600 -10.3
SPPI 3CXD | Sorafenib 216239 C4 283 -9
SPPI 3DSF Sorafenib 216239 Cl 761 -10
VTN 10C0 Sorafenib 216239 C3 302 -8.9

Given the unclear prognostic significance and complex regulation of angiogenesis-related genes (ARGs) in HCC, we
integrated transcriptomic data from TCGA, and ICGC and identified four conserved prognostic ARGs: APOH,
SLCO2A1, SPP1, and VTN. The risk model constructed based on these four genes can stably stratify the prognosis of
HCC patients and has been effectively validated in an external independent cohort. These findings suggest that these
ARGs not only participate in tumor angiogenesis but may also jointly mediate tumor metabolic imbalance, inflammatory
activation, and immune microenvironment remodeling.

Among them, APOH is primarily synthesized by hepatocytes and is involved in lipoprotein metabolism and the
maintenance of hepatic lipid homeostasis.'® It is essential for hepatic lipid metabolic homeostasis, and high expression
reflects normal liver function.?*' During hepatocarcinogenesis, tumor cells undergo metabolic reprogramming, includ-
ing rearrangement of lipid metabolism pathways.?*?* Accordingly, APOH is consistently downregulated in HCC tissues

and serum,>*%

which aligns with our observation that low APOH expression correlates with poor overall survival.
Notably, single-cell sequencing by Zhao et al revealed that APOH-positive HUVECs in the tumor microenvironment
significantly suppress HCC cell proliferation.”* Here, we further identified APOH as a key angiogenesis-associated
signature molecule in HCC.

SLCO2A1 encodes the prostaglandin transporter OATP2A1 (PGT), which mediates the uptake of extracellular
prostaglandin E2 (PGE2) for intracellular degradation, thereby terminating PGE2 signaling. PGE2 is a potent pro-
inflammatory and pro-angiogenic molecule that promotes cancer progression.”® In gastric adenocarcinoma, reduced
SLCO2AL1 leads to PGE2 accumulation and drives tumor angiogenesis via VEGF upregulation.?’ In hypopharyngeal
squamous cell carcinoma (HSCC), spatial transcriptomics suggests that SLCO2A1 may act as a tumor suppressor
associated with immune infiltration.”® In our study, both transcriptomic (TCGA-HCC) and tissue microarray (TMA)
protein analyses showed significantly higher SLCO2A1 expression in tumors than in adjacent tissues. Elevated
SLCO2AL1 correlated with prolonged overall survival in HCC patients, yet its levels progressively declined with
advanced T-stage, overall disease stage, and histological grade. Knockdown of SLCO2A1 in HCC cells significantly
enhanced the angiogenic and migratory capacities of HUVECs. Given the dynamic complexity of gene function in the
TME, we hypothesize that during HCC progression, SLCO2A1 undergoes a transition from early adaptive protection to
late-stage functional failure, marked by impaired anti-angiogenic regulation and corresponding expression changes. This
hypothesis warrants further experimental validation.

VTN is a multifunctional glycoprotein present in blood and the extracellular matrix. It promotes cervical cancer cell
migration and invasion via epithelial-mesenchymal transition (EMT).%° In triple-negative breast cancer, VTN acts as
a “don’t eat me” signal ligand by binding complement C1g-binding protein (C1gbp) on macrophages, thereby inhibiting
phagocytosis and promoting M2-like polarization; consistently, VTN knockdown enhances macrophage phagocytosis
and infiltration to exert anti-tumor effects.*® However, VTN expression in HCC has not been well characterized. Here we
found VTN was positively expressed in both HCC tumor and adjacent tissues, with higher levels in the adjacent tissues.

SPP1 is a secreted chemokine-like phosphoprotein produced by various cell types. Recent studies identify it as
a major mediator of tumor-related inflammation, upregulated in multiple tumor tissues and plasma and associated with
poor prognosis.’’** In HCC, cancer-associated fibroblast-derived SPP1 contributes to multidrug resistance,” and
hypoxic tumor cells secrete SPP1 to facilitate immune evasion.>* Macrophage-derived SPP1 promotes HCC stemness
via the VIN/CCL15 axis.*® However, its role in HCC angiogenesis has remains largely unexplored.
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In the current study, patients in the high-risk group defined by the HCC ARG model exhibited increased infiltration of
dendritic cells (DCs), macrophages, and regulatory T cells (Tregs), along with higher immune/stromal scores and elevated
immune checkpoint molecule expression. Integrating single-cell sequencing with published data, we dissected the cellular
origins of the four ARGs: SPP1 is mainly secreted by TAMs and hepatocytes; VIN and APOH are expressed in M1
macrophages and monocytes; SLCO2AL is also detected in monocytes. These origins suggest their collective contribution to
an inflammatory, immunosuppressive, and pro-angiogenic tumor microenvironment. Hypoxic regions recruit TAMs, which
disrupt endothelial junctions and increase vascular permeability via adrenomedullin®® and promote Treg recruitment through
paracrine TGF-p1, fostering a VEGF-rich milieu.*’*® As a key mediator, SPP1 activates PI3K/Akt and MAPK pathways via
integrin/CD44 binding to drive VEGF expression,*”*’ and promotes monocyte/macrophage chemotaxis,*' thereby fueling
a vicious “inflammation-angiogenesis-immunosuppression” cycle. Within this cycle, VTN modulates macrophage polariza-
tion, SLCO2A 1 maintains hepatocyte homeostasis through prostaglandin transport (its loss exacerbates inflammatory injury),
and APOH reflects hepatocyte functional status. Notably, sorafenib treatment significantly downregulated APOH, SPP1, and
VTN, whereas SLCO2A1 expression remained unchanged. This is consistent with the fact that the former three are tightly
coupled to the kinase (VEGFR and PDGFR)-driven angiogenic and inflammatory signaling pathways targeted by sorafenib,*?
while SLCO2A1 expression is primarily governed by homeostatic cues.*> Furthermore, high-risk patients exhibited higher
sorafenib ICsq values, indicating lower drug sensitivity.

Collectively, these ARGs link tumor-associated inflammation to immunosuppression, generating a tumor-permissive
niche. The prognostic model based on these genes showed robust predictive performance in both training and external
validation cohorts, thus potentially improving survival prediction for HCC patients.
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