
O R I G I N A L  R E S E A R C H

A Novel Angiogenesis-Related Prognostic Signature 
Associated with the Hepatocellular Carcinoma 
Immune Microenvironment and Survival Outcome

Xin Jiang 
Yushuang Xu 
Di Chen 
Mengmeng Wang 
Mengjun Qiu 
Lina Xiong 
Li Zhang 
Honglu Yu 
Zhifan Xiong

Department of Gastroenterology, Liyuan 
Hospital, Tongji Medical College, Huazhong 
University of Science and Technology, 
Wuhan, People’s Republic of China 

Purpose: Hepatocellular carcinoma (HCC) is a highly vascularized solid tumor character-
ized by neovascularization and vascular invasion. Angiogenesis plays an essential role in the 
occurrence and development of liver cancer. Our study aimed to investigate the prognostic 
value of angiogenesis-related genes in liver cancer.
Patients and Methods: The transcriptome data and corresponding clinical information of 
patients with liver cancer were downloaded from The Cancer Genome Atlas (TCGA) and the 
International Cancer Genome Consortium (ICGC) databases. In the TCGA cohort, differ-
ential expression and prognostic analyses were used to screen angiogenesis-related candidate 
prognostic genes. We then used least absolute shrinkage and selection operator regression 
analysis to construct a prognostic signature using 10 angiogenesis-related prognostic genes. 
The reliability of the prognostic signature was assessed in the TCGA and ICGC cohorts. In 
addition, we comprehensively analyzed the correlation of the prognostic signature with the 
tumor microenvironment, chemotherapy drugs, and specific genes.
Results: We identified 37 angiogenesis-related differentially expressed genes that were 
remarkably associated with prognosis. Ten of these genes were used to establish a survival 
and prognostic signature. This signature can distinguish between high-risk and low-risk 
groups and performs well in overall survival prediction, as demonstrated by internal and 
external validations. In addition, we observed that the high-risk group was remarkably 
associated with immune infiltration in the tumor microenvironment and had a different 
sensitivity to chemotherapeutic agents compared with the low-risk group. Moreover, the 
high-risk population was positively correlated with the expression of several special genes, 
such as immune checkpoint-related genes.
Conclusion: Our results demonstrated that prognostic signatures based on angiogenesis- 
related genes are involved in the development of HCC and may provide new insights into 
accurate clinical decision-making and therapeutic evaluation of patients with HCC.
Keywords: hepatocellular carcinoma, angiogenesis-related gene, signature, tumor 
microenvironment, immune infiltration, prognosis

Introduction
Liver cancer is one of the most common malignancies in the world. This condition has 
various histological types, among which hepatocellular carcinoma (HCC) accounts for 
83%.1 HCC is a highly complex type of cancer driven by multiple factors, such as 
hepatitis virus infection, metabolic abnormalities, and liver fibrosis.2 Liver cancer 
treatment involves various methods, including chemotherapy, targeted therapy, surgi-
cal resection, and liver transplantation.3 However, only a small number of patients 
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benefit from each method, and the 5-year survival rate of 
patients with liver cancer is still low.4 Therefore, under-
standing the molecular mechanism of HCC development 
and identifying new biomarkers to predict clinical outcomes 
and therapeutic targets in patients with HCC are crucial.

HCC, as a kind of hypervascular tumor, is the fifth- 
largest cancer in the world.5 Angiogenesis plays an essen-
tial role in the development of liver cancer. Tumor blood 
vessels are the main pathways for nutrient exchange and 
metabolic waste removal in tumors.6 Angiogenesis plays 
an essential role in the development of liver cancer. Tumor 
blood vessels are the main pathways for nutrient exchange 
and metabolic waste removal in tumors.7–9 Anti- 
angiogenic therapy has consistently been the focus of 
HCC research, and most therapies for advanced HCC 
target the angiogenic pathway. Sorafenib, a multi-kinase 
inhibitor that targets vascular endothelial growth factor 
receptor, remarkably improves the overall survival (OS) 
of patients with HCC.10,11 However, most research has 
focused on the influence of individual genes on prognosis. 
The construction of multiple angiogenesis-related gene 
models seems to provide effective risk identification and 
potential targets for HCC clinical treatment.

The emergence of various public databases based on 
the development of high-throughput technology has pro-
vided researchers with great opportunities for statistical 
analysis.12,13 The present study used transcriptome and 
corresponding clinical data from 377 patients with HCC 
downloaded from The Cancer Genome Atlas (TCGA) to 
develop a predictive model of angiogenesis-related genes. 
Then, the model was further verified using a cohort from 
the International Cancer Genome Consortium (ICGC) 
database. Additionally, we revealed the role and relevance 
of this prognostic signature in the immune and tumor 
microenvironments of liver cancer.

Materials and Methods
Data Download
Transcriptome data and corresponding clinical information 
for HCC were downloaded from the TCGA database, includ-
ing 377 HCC samples and 50 paracancerous normal samples. 
Missing data and samples with less than 30 days of clinical 
follow-up were removed to exclude the possible effects of 
acute onset and other accidental deaths. The external valida-
tion data of the LIRI-JP cohort, which contained 260 HCC 
samples, were downloaded from the ICGC website. 
Supplementary Table 1 shows the details of the two sets of 

data. All data used were obtained from public databases. 
Thus, no ethical approval was required. Angiogenesis- 
related genes were downloaded from the GeneCards website 
(https://www.genecards.org/) using “angiogenesis” as the 
main search term. The correlation score indicated the 
strength of correlation between genes and angiogenesis. We 
obtained 378 angiogenesis-related genes for subsequent stu-
dies based on correlation scores ≥ 5.

Identification of Prognostic 
Angiogenesis-Related Genes
The “Limma” package of R software was used to identify 
the angiogenesis-related differentially expressed genes 
(DEGs) between tumor and normal samples (false discov-
ery rate<0.05, LogFc>1). Later, we combined the OS data 
to perform univariate Cox analysis to screen the prognostic 
genes using R “survival” package at P<0.01. In addition, 
we used the R “Venn” package to obtain the intersection 
between angiogenesis-related DEGs and prognostic genes. 
The candidate genes were used for the construction of the 
prognostic signature.

Construction of Prognostic 
Angiogenesis-Related Gene Signature
We further performed least absolute shrinkage and selec-
tion operator (LASSO) regression analysis for the inter-
section genes using the “survival” and “glmnet” packages 
of R languages. Based on the optimal lambda value and 
the corresponding coefficient, the prognostic signature was 
established to prevent the over-fitting effect of the model. 
Finally, we screened ten angiogenesis-related genes to 
construct a prognostic signature. Then, we calculated 
each patient’s risk score based on the gene correlation 
coefficient and their respective expression level. The 
detailed calculation formula is as follows: 
∑n

n¼1ðCoefnþExpnÞ, where n is the number of screened 
genes, Coef is the gene correlation coefficient, and Exp is 
the gene expression level.

Validation of the Prognostic 
Angiogenesis-Related Gene Signature
We divided the HCC samples into high-risk and low-risk 
groups based on the median risk score determined using the 
prognosis-related gene signature. Then, survival analysis was 
performed using the R language “survival” package. We also 
used the “timeROC” and “survival” packages to perform 
time-dependent receiver operating characteristic (ROC) 
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curve analysis and a comparison of ROC curve analysis 
combined with other clinical features. In addition, univariate 
and multivariate Cox regression analyses were performed by 
combining multiple clinical features to further evaluate 
whether our signature is an independent prognostic factor 
for patients with HCC. The “survminer” and “pheatmap” 
packages were used for visual drawing.

Correlation Analysis Between the 
Prognostic Signature and Tumor 
Immunity
Tumor stem cell characterization was performed on TCGA 
tumor samples to measure tumor stem cell-like features. 

We then used Spearman correlation analysis to test the 
correlation between risk score and tumor stemness. 
Immune and stromal scores reflect the degrees of infiltra-
tion of immune and stromal cells in the tumor tissue, 
respectively. These scores were calculated using the 
R “estimate” software package. Then, we analyzed the 
differences between the scores in the high-risk and low- 
risk groups using the “Limma” and “ggpubr” packages. 
Later, the “GSVA” software package was used to calculate 
the infiltration scores of different immune cells and the 
activities of immune-related pathways between high-risk 
and low-risk populations by single-sample gene set enrich-
ment analysis (ssGSEA).

Figure 1 The flowchart of this study.
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Clinical Performance of the Prognostic 
Signature
We evaluated the performance of this prognostic signa-
ture in a variety of clinical settings. First, we used chi- 
square test to investigate the relationship between the 
prognostic signature and conventional clinicopathological 
features. Second, Wilcoxon signed-rank test was used to 
calculate the differences in risk scores between groups 
with different clinicopathological features. The 
R language packages “survival,” “pheatmap,” and 
“ggupbr” were used for the analysis and the creation of 
bar and scatter plots. P values were labeled as follows: 
P>0.05=ns, P<0.001=***P<0.01=**and P<0.05=*. 
Principal component analysis (PCA) was then performed 
using the “Scatterplot3D” software package to assess the 
performance of prognostic signatures in differentiating 
patients with high and low risks of HCC.

Clinical Treatment Performance and 
Potential Function of the Prognostic 
Signature in HCC
We used Wilcoxon signed-rank test in the TCGA cohort to 
compare the half-maximal inhibitory concentrations 

(IC50) of widely used chemotherapeutic drugs (in 
TCGA) in the high-risk and the low-risk groups. The 
“pRophetic” and “ggplot2” software packages were used 
for drawing. In addition, we studied the relationship of the 
signature with immune checkpoint genes, m6A genes, 
methylation genes, and mismatch repair genes. P<0.05 
was considered statistically significant.

Results
Identification of Prognostic 
Angiogenesis-Related DEGs in the 
TCGA Cohort
Figure 1 shows the flowchart of our study. We obtained 
378 angiogenesis-related genes from GeneCards, 377 
HCC samples from TCGA as the training cohort, and 
260 HCC samples from ICGC as the corresponding 
validation cohort. Supplementary Table 1 shows the 
clinical baseline characteristics of all patients. We 
extracted the mRNA data of angiogenic genes from the 
TCGA cohort and subsequently confirmed 123 angio-
genesis-related DEGs through differential expression 
analysis. The volcano map in Figure 2A shows the 
angiogenesis-related DEGs in the tumor tissue. We 
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Figure 2 Differentially expressed angiogenesis-related genes (DEGs) in HCC. (A) Volcano plot of DEGs in TCGA database. (B) Venn diagram was used to identify 
overlapping genes. (C) The forest map showed univariate Cox regression analysis results between gene expression and overall survival; HR>1 are risk factors for HCC, 
while HR<1 are protective factors for HCC. (D) The heatmap of 37 prognostic DEGs in tumor and normal tissue. (E) The PPI network provided interactive information 
among the 37 prognostic DEGs. (F) The correlation network diagram of prognostic DEGs, with different colors representing different degrees of the correlation coefficient.
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identified 37 genes that were remarkably associated with 
OS in the univariate Cox analysis combined with clin-
ical prognostic information (Figure 2B). The forest map 
in Figure 2C shows the results of the univariate Cox 
regression analysis of the 37 angiogenesis-related DEGs. 
Most of the genes serve as risk factors for patients with 
HCC (hazard ratio (HR)>1), and only ESR1 plays 
a protective role in patients with HCC (HR<1). The 
heatmap in Figure 2D shows the differential expression 
patterns of these DEGs. The protein interaction network 
in Figure 2E shows that the 37 candidate genes closely 
interacted with each other. Among these genes, ANXA5, 
EGF, CASP8, and ESR1 were used as hub genes. The 
correlation network diagram of all prognostic angiogen-
esis-related DEGs is shown in Figure 2F, where differ-
ent colors represent various correlation coefficients.

Construction of Angiogenesis-Related 
Prognostic Signature in the TCGA 
Cohort
LASSO regression analysis was performed on the 37 candi-
date DEGs to establish optimized prognostic characteristics. 

We constructed a prognostic signature from 10 genes, 
namely, ANGPT2, SERPINE1, SPP1, MMP1, BIRC5, 
BSG, HSP90AA1, PIGF, LGALS3, and SLC2A1. We calcu-
lated the risk score of each patient using the following risk 
scoring formula: risk score=[Exp(ANGPT2)×0.037]+[Exp 
(SERPINE1)×0.015]+[Exp(SPP1)×0.034]+[Exp(MMP1)× 
0.139]+[Exp(BIRC5)×0.090]+[Exp(BSG)×0.037]+[Exp(HS 
P90AA1)×0.147]+[Exp(PIGF)×0.040]+[Exp(LGALS3)× 
0.017]+[Exp(SLC2A1)×0.138]. Later, we divided the 
patients with HCC in the TCGA cohort into high-risk 
(n=171) and low-risk groups (n=172) based on the median 
risk score (Figure 3A). The scatter plot in Figure 3B shows 
that patient survival became shorter as the risk score 
increased. The Kaplan–Meier curve verifies that the OS of 
patients with HCC in the high-risk group was significantly 
poorer than that of patients with HCC in the low-risk group 
(P=6.76e−10, Figure 3C). Further, we evaluated the predic-
tive effect of this prognostic signature on the OS of patients 
with HCC through time-dependent ROC curves. As shown in 
Figure 3D, the area under the curve (AUC) was 0.811 in the 
first year, 0.726 in the second year, and 0.708 in the third year 
(Figure 3D). Moreover, Figure 3E shows that the prognostic 

A B

C                                               D                                     E

Figure 3 Angiogenesis-Related Prognostic Signature in TCGA Cohort. (A) Signature-based risk scores were used to classify patients as high risk or low risk. (B) The scatter 
plot of survival status of HCC patients. (C) Kaplan-Meier survival analysis for patients between high-risk group and low-risk group. (D) The area under the time-dependent 
ROC curves was used to validate the prognostic performance of the risk score. (E) The multi-indicator receiver operating characteristic curves validated the predictive 
performance of the risk score for overall survival.
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signature is superior to conventional clinicopathologic fea-
tures in predicting prognosis (AUC=0.811).

Validation of the Angiogenesis-Related 
Prognostic Signature in the ICGC Cohort
We used HCC samples in ICGC for external validation to 
verify the applicability and stability of the model constructed 
by the TCGA cohort. The risk scores of patients in the ICGC 
cohort were calculated using the same risk scoring formula, 
and all patients were divided into high-risk and low-risk 
groups based on the median risk score (Figure 4A). In the 
ICGC cohort, the number of deaths increased as the patient 
risk score increased (Figure 4B). The survival curve shows 
that the prognosis of patients with HCC in the high-risk group 
was poorer, and the difference was statistically significant 
(P=6.004E-03, Figure 4C). Meanwhile, the time-dependent 
ROC curve showed that the AUC was 0.714 in the first year, 
0.703 in the second year, and 0.719 in the third year 

(Figure 4D). These results are similar to those for the TCGA 
cohort.

Independent Prognostic Value of the 
Angiogenesis-Related Prognostic 
Signature
We examined whether risk score is an independent predictor of 
OS in patients with HCC. Univariate and multivariate Cox 
regression analyses were performed by combining conven-
tional clinical variables from TCGA and ICGC. The univariate 
Cox analysis results in Figure 5A show that the risk score can 
be a predictor of OS in the TCGA cohort (HR=4.271, 
P<0.001). Similarly, the risk score was an independent predic-
tor in the ICGC cohort (HR=2.797, P<0.001, Figure 5C). The 
multivariate Cox regression analysis results in Figure 5B and 
D further demonstrate that risk score can be an independent 
predictor of OS in the TCGA (HR=3.617, P<0.001) and ICGC 
cohorts in the multivariate Cox analysis (HR=2.124, P=0.003).
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Figure 4 Angiogenesis-Related Prognostic Signature in ICGC Cohort. (A) Signature-based risk scores were used to classify patients as high risk or low risk. (B) The scatter 
plot of survival status of HCC patients. (C) Kaplan-Meier survival analysis for patients between high-risk group and low-risk group. (D) The area under the time-dependent 
ROC curves was used to validate the prognostic performance of the risk score.
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Clinical Value of the Angiogenesis-Related 
Prognostic Signature
We also analyzed the value of prognostic signatures in clinical 
applications. The results of clinical correlation analysis 
revealed that clinical grade, tumor stage, and T stage were 
remarkably associated with risk score (Figure 6A). The scatter 
plot in Figure 6B–H further details the correlation between 
each clinical feature and risk score. In addition, the PCA 
results showed that the 10 angiogenesis-related genes were 
more effective in differentiating high-risk groups than TCGA 
full gene expression profiles and the 375 angiogenesis-related 
coding genes (Figure 6I–K).

Association Value of Immune and Tumor 
Microenvironments with the Prognostic 
Signature
The loss of differentiated phenotype and the acquisition of 
progenitor and stem cell-like characteristics are the main fea-
tures of the malignant progression of tumor cells.14 However, 

tumor stem cell-like characteristics are the primary cause of 
the infinite proliferation and recurrence of malignant tumor 
cells. These characteristics can be measured by RNA stemness 
score (RNAss), which is based on mRNA expression, and 
DNA stemness score (DNAss), which is based on DNA 
methylation pattern.15 In addition, the tumor microenviron-
ment, including immune cells and stromal cells, is believed to 
play an essential role in tumor development, metastasis, recur-
rence, and drug resistance.16 We combined the tumor stemness 
score, stromal cell score, and immune cell score of HCC 
patients to analyze the association of these scores with the 
risk score. The results showed that risk score was significantly 
correlated with RNAss (R=0.15, P=0.0065, Figure 7B) and 
immunity score (P= 0.00053, Figure 7D). These findings also 
indicated that the role of immunization in high-risk groups 
cannot be ignored.

Furthermore, we used ssGSEA to calculate different 
immune cell subsets and related function enrichment 
scores in high-risk and low-risk populations. The results 
showed that the proportions of Tfh, T helper, Th1, Th2, 
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Figure 5 Independent prognostic value of the signature in HCC. (A) The univariate Cox regression analysis of the signature-based risk scores and clinicopathologic 
parameters in the TCGA Cohort. (B) The multivariate Cox regression analysis of the signature-based risk scores and clinicopathologic parameters in the TCGA Cohort. (C) 
The univariate Cox regression analysis of the signature-based risk scores and clinicopathologic parameters in the ICGC Cohort. (D) The multivariate Cox regression 
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and Treg cells, T cell co-stimulation, and T cell co- 
inhibition were all high in the high-risk group, which 
suggest that the high-risk and low-risk groups had differ-
ences in T-cell regulation (P<0.05, Figure 7C and F). On 
the contrary, Types I and II interferon responses were 
enriched in the low-risk group (P<0.05).

Correlation Between the Prognostic 
Signature and Specific Genes
Considering that immune checkpoints are closely related 
to immunotherapy, we further explored the differences in 
the expression of immune checkpoints between the high- 
risk and low-risk groups. The results showed substantial 
differences in the expression of multiple immune check-
points, such as CD274 (PD-L1), PDCD1 (PD-L1), and 
CTLA4, between the two groups (P<0.05, Figure 8A). In 
addition, we discovered considerable differences in the 
expression of m6A-related, mismatch repair-related, and 

DNA methylation-related mRNAs between the high-risk 
and low-risk groups (P<0.05, Figure 8B–D).

Associations Between Prognostic 
Signatures and Common 
Chemotherapeutic Drugs
The American Joint Committee on Cancer guidelines 
recommend chemotherapeutic drugs, such as cisplatin, 
doxorubicin, mitomycin, sorafenib, and vincristine, for 
the treatment of HCC. Thus, we evaluated the difference 
in the response between the high-risk and low-risk groups 
to these chemotherapeutic agents based on their IC50 
values in the TCGA-LIHC dataset. The results showed 
that the high-risk group was associated with lower IC50 
levels of cisplatin (P=0.00022, Figure 9A), doxorubicin 
(P=9.1e−06, Figure 9B), and mitomycin (P<2.22e−16, 
Figure 9C) and higher IC50 levels of sorafenib (P=0.027, 
Figure 9D). These findings also suggest that the model can 
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Figure 6 Clinical correlation analysis of prognostic signature. The strip chart (A) and scatter plots showed associations between risk scores and clinical pathologic features, 
including age (B), gender (C), grade (D), stage (E), T stage (F), M stage (G), and N stage (H). Principal component analysis between low-risk and high-risk groups based on 
the whole-genome (I), angiogenesis-related genes (J), and the prognostic signature of the 10 angiogenesis-related genes signature (K). 
Notes: *p < 0.05; **p < 0.01; ***p < 0.001.
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be used as a potential basis for clinical guidance of che-
motherapy drugs.

Discussion
HCC is the second leading cause of cancer-related deaths 
worldwide, and its high metastatic and recurrent character-
istics limit the long-term survival of patients.17 A number 
of evidence show that vascular invasion and angiogenesis 
are closely related to the invasion, metastasis, and prog-
nosis of liver cancer.18,19 Tumor blood vessels penetrate 
the tumor, provide nutrients to cancer cells, and deliver 
large numbers of tumor cells throughout the host’s body, 
which causes cancer to spread and metastasize.20,21 Tumor 
angiogenesis is regulated by the balance of pro-angiogenic 
and anti-angiogenic factors in the tumor microenviron-
ment. As the switch of angiogenesis, angiogenic factors 
promote the formation of tumor blood vessels.22–24 

Importantly, the role of anti-angiogenic therapy in HCC 
is widely recognized. Therefore, the role of angiogenesis 
in liver cancer cannot be ignored. We constructed the 

prognostic signature of angiogenesis-related genes to pro-
vide accurate ways for clinical decision-making through 
the multi-gene method.

Our study explored the correlation between the expres-
sion differences of 375 angiogenesis-related genes and the 
prognosis of patients with HCC. For the first time, a 10- 
gene angiogenesis-related prognostic signature was con-
structed in TCGA internal cohort and verified by an ICGC 
external cohort. Second, we evaluated the performance of 
this prognostic signature in various aspects, including OS, 
common clinicopathological characteristics, tumor 
immune microenvironment, common chemotherapeutic 
drugs, and several specific genes. The results showed 
that the model has a robust clinical guidance function 
and can be used to distinguish clinical patients with high 
and low risks.

Our prognostic signature contains 10 angiogenesis- 
related genes, namely, ANGPT2, BSG, SERPINE1, 
MMP1, BIRC5, PIGF, SLC2A1, LGALS3, SPP1, and 
HSP90AA1. ANGPT2, a member of the angiogenic family, 

A B                                         C 

D                                      E                                                                                    F

Figure 7 Correlation analysis of prognostic signature and tumor microenvironment. The relationship between risk score and DNAss (A), RNAss (B), Immune Score (D), 
and Stromal Score (E). Boxplots showed the scores of 16 immune cells (C) and 13 immune-related roles (F) in high and low risk group by “ssGSEA”. 
Notes: *p < 0.05; **p < 0.01; ***p < 0.001. 
Abbreviation: ns, not significant.
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is highly expressed in various tumor cells, including liver 
cancer.25 In addition to the classical ANGPT2/Tie2 path-
way, ANGPT2 can induce angiogenesis in liver cancer 
tissues by secreting exosomes that carry ANGPT2. 
Blocking ANGPT2 inhibits angiogenesis and epithelial– 
mesenchymal activation.26 BSG is also known as CD147. 
Jin et al confirmed that the low phosphorylation of CD147 
promotes the invasion and metastasis of HCC cells and is 
associated with poor prognosis.27 Heike et al observed that 
CD147 can promote metastatic formation by inducing 
angiogenesis in a MMP-independent way in melanoma 
models.28 SERPINE1 promotes tumorigenesis by protect-
ing tumor cells from apoptosis, and its high expression is 
associated with poor prognosis of HCC and other 
tumors.29,30 MMP1, BIRC5,31 PIGF,32 SLC2A1,33 

LGALS3,34 and SPP135 play important roles in the prolif-
eration, migration, and invasion of HCC cells, and several 
of them can be used as an indicator of the poor prognosis 
of HCC.36 These results provide great support for the 
construction of the prognostic signature.

The tumor microenvironment is an important factor that 
affects the biological behavior and prognosis of malignant 
tumors and comprises stromal cells, immune cells, and 
cytokines.37 Immune cells are related to the malignant biolo-
gical behavior of tumors and immune checkpoint inhibitor 
response.38–40 Numerous studies have shown that tumor 
microenvironment and infiltrating immune cell subsets play 
an essential role in regulating tumor angiogenesis. Elisabeth 
et al believed that immune status analysis can provide critical 
information for the clinical optimization of treatment 
combinations.39 In our study, we observed a remarkable cor-
relation between immune and patient risk scores in the tumor 
microenvironment, that is, a high-risk score is substantially 
associated with the infiltration of dendritic cell (DC) subsets 
and T cell subsets. DCs are specialized antigen-presenting cell. 
The activation of cytotoxic T lymphocyte responses by DCs is 
essential for tumor eradication.41 However, in our study, we 
did not find an association between high risk score and the 
proportion of CD8+ T cells. This result may be due to the 
impaired antigen-presenting function in high-risk populations 

A                                                                                                                                             B

C                             D

Figure 8 Differential expression analysis of immune-related genes (A), m6A-related genes (B), mismatch repair-related genes (C), and methylation-related genes (D) among 
different risk groups. 
Notes: *p < 0.05; **p < 0.01; ***p < 0.001. 
Abbreviation: ns, not significant.
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or the high infiltration of macrophages and Treg cells in the 
stroma to inhibit T cells, which downregulates the anti-tumor 
immune response.42,43

Angiogenesis is a complex process. Despite the promi-
nence of anti-angiogenic therapies in hepatocyte therapy, 
the development of drug resistance is a crucial 
impediment.44 In our analysis, the sensitivity of the high- 
risk group to sorafenib was lower than that of the low-risk 
group, possibly because the high-risk group was more 
prone to hypervascularization and drug resistance. We 
believe in the importance of exploring the combination 
of anti-angiogenic drugs and new immunity-targeting 
drugs with the discovery and rise of immune checkpoint 
inhibitors. We only analyzed the association of prognostic 
signature with immune checkpoint-related genes because 
of the lack of available data. The results showed that most 
immune-related genes were expressed differently in differ-
ent risk groups, which further suggested that this prognos-
tic signature may provide essential guidance for future 
clinical individualized treatment.

To date, most of the research and application of genes 
related to angiogenesis have been based on a single gene 

and cannot fully reflect tumor characteristics. In this study, 
we first focused on collecting tumor angiogenesis-related 
genes and constructed a 10-gene prognostic signature. 
Second, we confirmed that this signature can be used to 
independently evaluate tumor prognosis and is substan-
tially correlated with tumor grade, stage, cancer stem cell 
characteristics, and immune status through multiple ana-
lyses. Third, we observed that this signature was remark-
ably associated with specific genes (immune checkpoint, 
m6A, methylation, and mismatch repair genes). All of 
these genes are closely related to tumor occurrence and 
development. More importantly, the risk score based on 
this signature showed a considerable association with the 
sensitivity of common chemotherapeutic drugs.

Conclusion
In conclusion, we believe that this study constructed 
a prognostic signature based on angiogenesis-related genes 
and provided new insights into the treatment and prognostic 
evaluation of HCC, which will be helpful for the promotion 
of individualized drug combination therapy in the future.
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Figure 9 Differences in IC50 between common chemotherapeutic agents and different risk groups were assessed based on prognostic signature such as cisplatin (A), 
doxorubicin (B), mitomycin (C), sorafenib (D), and vincristine (E).
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