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Abstract
Objective  This study aims to build a prognostic model of hepatocellular carcinoma (HCC) with ferroptosis-associated 
genes and explore their molecular function.
Methods  Gene expression data and clinical information were obtained from the Gene Expression Omnibus (GEO) and 
The Cancer Genome Atlas (TCGA) databases and the International Cancer Genome Consortium (ICGC). A ferroptosis-asso-
ciated gene set was obtained from the FerrDb database to identify differentially expressed genes. Then, we performed 
pathway enrichment analysis and immune infiltration analysis. A combined model based on ferroptosis-associated genes 
for predicting the overall survival of HCC was built by univariate and multivariate Cox regression analyses. Quantitative 
real-time polymerase chain reaction, Western blotting, colony formation, CCK-8, and EdU incorporation assays were 
performed to clarify the function of CAPG in the regulation of cell proliferation in human HCC. Ferroptosis was evaluated 
by glutathione (GSH), malondialdehyde (MDA), and total iron detection.
Results  Forty-nine ferroptosis-related genes were significantly correlated with HCC, 19 of which had prognostic signifi-
cance. CAPG, SLC7A11 and SQSTM1 were used to construct a novel risk model. The areas under the curves (AUCs) were 
0.746 and 0.720 (1 year) in the training and validation groups, respectively. The survival analysis indicated that patients 
with high risk scores exhibited worse survival in the training and validation groups. The risk score was also identified as 
an independent prognostic factor of overall survival (OS), which established and validated the predictive abilities of the 
nomogram. The risk score was also significantly correlated with the expression of immune checkpoint genes. In vitro data 
showed that CAPG knockdown dramatically suppressed HCC cell proliferation, and the underlying molecular mechanisms 
might be that the silencing of CAPG reduced the expression of SLC7A11 and promoted ferroptosis.
Conclusion  The established risk model can be used to predict the prognosis of HCC. At the mechanistic level, CAPG may 
drive HCC progression by regulating SLC7A11, and ferroptosis activation in HCC patients with high CAPG expression 
may serve as a potential therapeutic strategy.
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Abbreviations
HCC	� Hepatocellular carcinoma
CAPG	� Capping actin protein, gelsolin‒like
SLC7A11	� Solute carrier family 7 member 11
SQSTM1	� Sequestosome 1
log2FC	� Log2 fold change
GEO	� Gene expression omnibus
TCGA​	� The cancer genome atlas
AUC​	� Areas under the curves
ROC	� Receiver operating characteristic
OS	� Overall survival
ROS	� Reactive oxygen species
FPKM	� Fragments per kilobase per Million
RNA-seq	� RNA sequencing
DEGs	� Differentially expressed genes
PPI	� Protein‒Protein interaction
GO	� Gene ontology
KEGG	� Kyoto encyclopedia of genes and genomes
KM	� Kaplan‒Meier
ssGSEA	� Single sample gene set enrichment analysis
TIP	� Tumor immunophenotype
qRT‒PCR	� Quantitative real-time PCR
mRNA	� Messenger RNA

1  Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide, leading to substantial mor-
bidity and mortality [1]. In China, HCC is the fourth largest malignant tumor and the second largest cause of tumor-
related death, posing a significant threat to the life and health of the Chinese [2, 3]. Despite the continuous improve-
ment in traditional treatment methods such as surgical resection, radiotherapy, chemotherapy, and targeted therapy, 
the overall 5-year survival rate is only 18.1% [4]. Therefore, more studies on identifying useful biomarkers, improving 
the clinical treatment effect, and developing novel prognostic models are still urgently needed for the management 
of HCC patients.

Ferroptosis is a regulated form of iron-dependent cell death through the lethal accumulation of lipid-based reactive 
oxygen species (ROS) when the glutathione (GSH)-dependent lipid peroxide repair system is damaged [5]. Epidemiologi-
cal and animal studies have shown that the Fe-rich microenvironment, which usually characterizes malignant tumors, 
supports rapid proliferation and promotes carcinogenesis [6, 7]. A high iron environment causes increased oxidative 
stress in cancer cells, leading to increased toxicity [8]. In addition, accumulating evidence for a mechanism by which 
ferroptosis suppresses cancer cells suggests that cancer cells are more sensitive to the induction of ferroptosis [9, 10]. 
Therefore, ferroptosis can serve as a specific and novel therapeutic strategy for cancer research. Recent studies have 
also identified that immune cells such as CD8+ T cells enhance ferroptosis-specific lipid peroxidation and contribute to 
the effect of immunotherapy [11]. The prognosis of lung adenocarcinoma and thyroid cancer is predicted by combining 
ferroptosis-related characteristics with the tumor immune microenvironment [12, 13]. Therefore, understanding the 
relationship between ferroptosis and the immune microenvironment may provide a more comprehensive perspective 
on cancer therapy.

Our study established and validated a ferroptosis-related prognostic model with high predictive power for HCC 
patients. We further performed pathway enrichment analysis of the key genes to study the underlying mechanisms. 
Additionally, we analysed the clinical value of the HCC risk score model in the immune microenvironment. Finally, we 
explored the biological function of ferroptosis-related key genes in developing HCC.
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2 � Materials and methods

2.1 � Data sets and patients

The RNA-seq transcriptome profiles (fragments per kilobase per million, FPKM) of 374 HCC samples and 50 normal 
tissue samples were obtained from the TCGA-LIHC database (https://​portal.​gdc.​cancer.​gov/). Age, sex, tumor grade, 
TNM stage, follow-up time, and survival status were collected (Supplementary data 1). In addition, we used three 
datasets from GEO to extract a gene expression matrix for differential gene expression analysis (Supplementary 
data 2). (Total number of samples: 1077) GEO is a public functional genomics data repository that supports data 
submission according to the Minimum information about a microarray experiment (MIAME) standard, which accepts 
data based on arrays and sequences. The tools can help users query and download experimental and selected gene 
expression profiles. The information for the GEO dataset used is shown in Supplementary Table S1. The RNA-seq 
transcriptome profiles (FPKM) and clinical information of the external cohort for validation were obtained from LIRI-
JP (260 samples) in ICGC (Supplementary data 3). The study conformed to the principles of the Helsinki Declaration.

2.2 � Identification and functional analysis of differentially expressed genes in ferroptosis

First, we selected three datasets, GSE25097, GSE45267, and GSE36376, in the GEO database. The datasets provided a 
gene expression matrix of normal and HCC samples, and then we analysed the differentially expressed genes (DEGs) 
(|log2-fold change (log2FC)|> 1, p.adj < 0.05, limma package) and displayed them in the form of volcano plots. A total 
of 213 ferroptosis-related genes (including drivers, suppressors, and markers) were identified based on the FerrDb 
database. The ferroptosis-associated genes obtained from the FerrDb database were experimentally verified. The 
DEGs obtained from the GEO datasets were intersected with the ferroptosis gene set to obtain differentially expressed 
ferroptosis genes. The results were displayed in the visual form of a Wayne diagram. The expression correlation of 49 
genes is shown in the heatmap (Spearman’s test). Based on the Metascape online analysis website, the 49 ferroptosis 
genes were analysed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis (P values, hypergeometric test). To further capture the relationships between the terms, a subset of enriched 
terms was selected and rendered as a network plot, where terms with a similarity  > 0.3 are connected by edges. We 
selected the terms with the best p values from each of the 20 clusters. The network was visualized using Cytoscape 
(An Open Source Platform for Complex Network Analysis and Visualization), where each node represents an enriched 
term and is colored first by its cluster ID and then by its p value. For 49 genes, PPI enrichment analysis was carried 
out with the following databases: STRING, BioGrid, OmniPath, and InWeb_IM. Only physical interactions in STRING 
(physical score  > 0.132) and BioGrid were used (details). The resultant network contains the subset of proteins that 
form physical interactions with at least one other member. If the network contained between 3 and 500 proteins, the 
Molecular Complex Detection (MCODE) algorithm was applied to identify densely connected network components.

2.3 � Establishment and validation of the ferroptosis‑associated prognosis model

The normalized messenger RNA (mRNA) expression data and patient information were obtained from TCGA-LIHC. 
Kaplan‒Meier (KM) analysis (overall survival, grouped according to the median gene expression level, the log-rank test) 
was performed on the 49 genes obtained, and further univariate Cox regression analysis was performed for the statisti-
cally significant part (P < 0.05). A total of 373 patients in the TCGA-LIHC cohort were randomly divided into the training 
group (n = 186) and the validation cohort (n = 187). Multivariate Cox regression analysis was carried out on the training 
group, and a risk score model based on ferroptosis-associated genes was built. The model results were analysed by 
KM analysis and verified by the validation group. In addition, we validated the signature in the external cohort LIRI-JP. 
Then, the risk model built in the training group was combined with common clinical indicators, such as sex, age, tumor 
stage, and tumor grade, to perform univariate and multivariate Cox regression analyses. We also used a time-dependent 
receiver operating characteristic (ROC) curve to test the efficiency of this model in predicting 1-, 3-, and 5-year survival.

We put the above results (risk score model) into the OS nomogram to visualize the prognosis. To test the predic-
tion accuracy of the model at 1, 3, and 5 years, calibration analysis was carried out.

https://portal.gdc.cancer.gov/
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2.4 � Study on the relationship between the construction of the HCC risk score model and immune‑related 
genes

In addition, since the previous GO/KEGG pathway analysis of 49 ferroptosis-related dysregulation genes has shown 
that they are involved in the immune regulatory system, the correlation analysis of three key genes, CAPG, SLC7A11, 
and SQSTM1, based on the TCGA-LIHC dataset showed that the expression of CAPG was highly correlated with each 
component of the cellular immune microenvironment (Spearman’s test, ssGSEA). Accordingly, the immune score, 
stromal score, and ESTIMATE score were used to evaluate its prognostic significance. In addition, to explore the 
potential mechanism of ferroptosis-related key genes in HCC, we further analysed the relationship between the risk 
score model and the immune tumor microenvironment. First, considering the important role of the immunosup-
pressive microenvironment in a tumor, we obtained the immune checkpoint genes PD-1, CTLA-4, and TIM3 with 
negative regulatory function from the Tracking Tumor Immunophenotype (TIP) database. We also compared the 
differences in these negative regulatory genes between the high- and low-risk groups in the validation group and 
the training group based on the gene expression profile of the TCGA-LIHC dataset. Finally, we verified the findings 
in the external cohort LIRI-JP.

2.5 � Cell culture, transfection, and biological behavior assessment

The human HCC cell lines L02, Hep3B, and SMMC-7721 were purchased from the Chinese Academy of Sciences 
(Shanghai, China); HepG2 and SK-hep1 were obtained from American Type Culture Collection (Manassas, VA, USA); 
MHCC-97H, MHCC-LM3, and Huh7 cell lines were kindly provided by Southern Medical University. These cell lines 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL, USA) with 10% fetal bovine serum (FBS) 
(Biological Industries, Israel) and cultured in a humidified incubator with 5% CO2. The medium samples were stored 
at −80 °C. Cells were collected from the wells daily by trypsinization (Boster Biological Technology Co., Ltd., Wuhan, 
Hubei, China), and the cell numbers were determined with a hemocytometer. Small-interfering RNA (siRNA) against 
CAPG (si-1: sense 5’–3’: GCA UUU​CAC​AAG​ACC​UCC​ATT; antisense 5’–3’: UGG​AGG​UCU​UGU​GAA AUG​CTT; si-2: sense 
5–3’: GGU​GUG​GUG​GAA​AGU​CCA​ATT; antisense 5’–3’: UUG​GAC​UUU CCA​CCA​CAC​CTT​) and the negative control (siCon) 
(sense 5’–3’: UUC​UCC​GAA CGU​GUC​ACG​UTT; antisense 5’–3’: ACG​UGA​CAC​GUU​CGG​AGA​ATT) were constructed by 
GenePharma (Suzhou, China). RT‒PCR and Western blotting were used to test the knockout efficiency. Cell viability 
and proliferation were measured by CCK-8 (#34304, Selleck Chemicals, Shanghai, China), colony formation, and EdU 
(#C10310-1, RiboBio, Guangzhou, China) incorporation assays according to the manufacturer’s instructions.

2.6 � RNA isolation and qRT‒PCR analysis

Total RNA was extracted using TRIzol reagent (Thermo Fisher, Inc., USA). Reverse transcription was performed with 
the PrimeScript RT Reagent Kit (TaKaRa Biotechnology, Dalian, China). Four replicates and three independent experi-
ments were performed for each gene. GAPDH mRNA expression levels were used as internal normalized controls. 
Comparative quantification was performed using the 2-ΔΔCt method. The primer sequences are shown in Supple-
mentary Table S2.

2.7 � Total protein isolation and western blotting

Proteins extracted from cell lysates were separated by electrophoresis on a 10% sodium dodecyl sulfate–polyacryla-
mide gel and transferred to nitrocellulose membranes by Bradford electroblotting according to the manufacturer’s 

Fig. 1   Overview of the differentially expressed ferroptosis-associated genes in HCC. A Volcano plots showing the differentially expressed 
genes in normal and tumor samples in the GSE45267, GSE36376, and GSE25097 datasets. B The Venn diagram shows the common differen-
tially expressed genes among the four datasets. C The roles of 49 genes in ferroptosis. D Correlation of the expression of 49 genes is shown 
in the heatmap

▸
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instructions (Sigma‒Aldrich). The antibodies were as follows: CAPG (#GTX114301-S, 1:200 dilution, Abcam), GAPDH 
(#60004–1-AP, 1:1000 dilution, Proteintech), SLC7A11 (#12691S, 1:1000 dilution, CST), and GPX4 (#52455S, 1:1000 
dilution, CST).

Fig. 2   Functional analysis of the common differentially expressed genes A Bar graph of enriched terms, colored by p‒values. B Network of 
enriched terms, colored by cluster ID, where nodes that share the same cluster ID are typically close to each other. C Colored by p‒value, 
where terms containing more genes tend to have a more significant p‒value. D-E PPI network and MCODE components showing the hub 
genes in the ferroptosis gene set
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2.8 � Iron assay

According to the manufacturer’s instructions, the relative iron concentration in cell lysates was measured by an Iron 
Assay Kit (#ab83366, Abcam, Cambridge, MA, USA).

2.9 � Glutathione assays

The relative glutathione (GSH) concentration in cell lysates was assessed using a total Glutathione Assay Kit (#S0052, Beyo-
time Biotechnology, Shanghai, China).

2.10 � Lipid peroxidation assay

The relative malondialdehyde (MDA) concentration in cell lysates was assessed using a Lipid Peroxidation Assay Kit (#S0131S, 
Beyotime Biotechnology, Shanghai, China) following the manufacturer’s instructions.

2.11 � Statistical analysis

All statistical analyses were conducted by using R software (version 4.2.1). Concurrently, Metascape, a gene annotation and 
analysis resource, and GraphPad Prism (version 8.0.1) also participated in the analysis. The exact P value or range was listed 
in the images to make judgments about statistical analysis results. The range of P values indicated that the difference was 
statistically significant: *P < 0.05; **P < 0.01; ***P < 0.001.

3 � Results

3.1 � Differentially expressed ferroptosis genes in HCC

We obtained 1749 abnormal genes from GEO: GSE25097, of which 610 genes were upregulated and 1139 were downregu-
lated. A total of 721 abnormal genes were obtained from GEO: GSE36376, of which 450 genes were upregulated and 271 
were downregulated. Finally, 1537 abnormal genes were obtained from GEO: GSE45267, of which 702 were upregulated 
and 835 were downregulated (Fig. 1A). The three datasets were intersected with 213 ferroptosis-related genes collected 
from the FerrDb database, and 49 DEGs (LOC284561 was deleted) related to ferroptosis were obtained (Fig. 1B). The detailed 
results are presented in Supplementary data 4. The roles of 49 genes in ferroptosis are shown in the network diagram. Thirty 
of them were drivers, and 19 were suppressors according to the FerrDb database (Fig. 1C). The heatmap shows the expres-
sion correlation of 49 genes. Among them, RRM2 & STMN1, RRM2 & HELLS and SRXN1 & TXNRD1 were highly correlated. 
(Correlation coefficient r > 0.8) (Fig. 1D).

3.2 � Function analysis and network enrichment analysis

The results showed that these differentially expressed ferroptosis genes were mainly enriched in response to oxidative stress, 
extracellular stimulation, immune system process, and molecular anabolism. KEGG pathway analysis showed that these 
differentially expressed ferroptosis genes were mainly concentrated in the PPAR signaling pathway, fluid shear stress, and 
atherosclerosis (Fig. 2A–C). These pathways might be important mechanisms that affect the prognosis of HCC patients. Based 
on the PPI network of Metascape-Online, we identified the important modules of these ferroptosis genes and showed the 
key genes of ferroptosis, including SQSTM1, CBS, GOT1, ASNS, RRM2, ACSL3, ACSl4, and CS (Fig. 2D). Pathway and process 
enrichment analysis was applied to each MCODE component independently, and the three best-scoring terms by p value 
were retained as the functional description of the corresponding components, as shown in the tables underneath the cor-
responding network plots (Fig. 2E).

3.3 � Construction and validation of the ferroptosis‑related prognostic model

Nineteen genes involved in ferroptosis were identified as prognostic genes, and 18 were statistically significant in univari-
ate Cox regression analysis (Fig. 3A, B). Finally, CAPG, SLC7A11 and SQSTM1 were identified as independent prognostic 
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signatures in a multivariate Cox regression (Table 1). Therefore, the risk score was calculated as follows: 0.22 * CAPG + 0.44 
* SLC7A11 + 0.24 * SQSTM1-2.44. Then, the high-risk group (n = 93) and the low-risk group (n = 93) were grouped by the 
median risk score. The median survival time of patients with high risk scores was significantly lower than that of patients 
with low risk scores in the training and validation groups (P = 0.001 and P = 0.036, respectively) (Fig. 4A). The predictive 
performance of the risk score for OS was evaluated by time-dependent ROC curves, and the AUC reached 0.746 at 1 year, 
0.692 at 3 years, and 0.701 at 5 years in the training group; the AUC reached 0.72 at 1 year, 0.643 at 3 years, and 0.633 at 
5 years in the validation group (Fig. 4B). The forest plots showed that stage and risk score were statistically significant 
(P < 0.001) (Fig. 4C). Validation in LIRI-JP further confirmed our conclusion (Supplementary Fig. S1). These results indicated 
that the prognostic model was well established.

3.4 � Clinical relevance investigation and nomogram construction

We used the results of multivariate analysis to establish a nomogram prognostic map associated with ferroptosis. We 
used a nomogram to predict 1-, 3- and 5-year OS (C-index = 0.672) (Fig. 5A). The nomogram can evaluate multiple vari-
ables to predict patient outcomes based on patient characteristics, including tumor stage and risk score. In addition, 
the calibration curve showed the prediction accuracy of OS. The calibration curve showed consistency of OS at 1, 3, and 
5 years (Fig. 5B).

3.5 � Correlation between HCC risk score and immune‑related gene expression

By analysing three key genes, we found that the expression of CAPG was highly correlated with various cellular immune 
microenvironment components (Fig. 6A). TFH cells, NK cells, CD56bright cells, and macrophages were the most correlated 
(Fig. 6B). There were significant differences in the immune score, stromal score, and ESTIMATE score between the high 
and low CAPG expression groups (Fig. 6C).

Additionally, both the training and validation groups assessed PD-1, CTLA-4, and TIM3 in patients with different risk 
scores. The expression levels of PD-1, CTLA-4, and TIM3 were higher in the high-risk group, and there was a positive cor-
relation between the expression of these immune checkpoint genes and the risk score (Fig. 6D,E). Validation in LIRI-JP 
further confirmed our findings (Supplementary Fig. S2).

3.6 � CAPG is critical for HCC cancer cell proliferation

CAPG expression was investigated by quantitative RT‒PCR and Western blotting in a panel of established HCC cell lines. 
Among various cell lines, MHCC-97H and MHCC-LM3 cells showed the highest CAPG expression and were selected for 
further study (Fig. 7A, B).

To assess the effect of CAPG on HCC cell growth, we used two small interfering RNAs (siRNAs) to silence CAPG expres-
sion in MHCC-97H and MHCC-LM3 cell lines (Fig. 7C, D). CCK8, colony formation, and EdU incorporation assays indicated 
that the knockdown of CAPG markedly reduced cancer cell proliferation compared to that observed in the negative 
control (Fig. 7E–G). These results show that CAPG is critical for HCC cell proliferation.

Fig. 3   Kaplan‒Meier plots and forest plots of the prognostic ferroptosis genes. A Kaplan‒Meier plots show the 19 ferroptosis-associated 
genes with prognostic value. B The forest plot shows the results of the univariate Cox regression analyses of the 19 ferroptosis genes with 
prognostic value. *P < 0.05; **P < 0.01; ***P < 0.001

▸

Table 1   Multivariate Cox 
regression analysis of 
signatures in the TCGA-LIHC 
cohort

Variable Coef Exp (coef ) Se (coef ) Z P‒value

CAPG 0.21730 1.24271 0.08583 2.532 0.01135*
SLC7A11 0.43820 1.54992 0.14819 2.957 0.00311**
SQSTM1 0.24209 1.27391 0.12409 1.951 0.04907*
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Fig. 4   Establishment and validation of the ferroptosis-associated risk score model A The predictive model construction was based on mul-
tivariate Cox regression analysis. B The calculations of the model are according to the multivariate Cox regression analyses. C Univariate and 
multivariate Cox regression of clinical factors and risk score
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Fig. 5   A clinical correlation between the risk score model and the prognostic nomogram for OS of HCC was established based on the risk 
score model. A The prognostic nomogram was established based on the risk score and clinical stage for prediction of 1-, 3-, and 5-year OS of 
HCC. B Calibration curve for the predicted probability of 1-, 3-, and 5-year OS

Fig. 6   Correlations between the risk score and immune-related genes and the immune cell landscape in HCC A and B The lollipop diagram 
shows the difference between 24 infiltrated immune cells and the expression of CAPG in the tumor microenvironment. The scatter plots 
show the enrichment of the top three cells. C The box plots show the correlation between the expression of CAPG and immune, stromal and 
ESTIMATE scores. D and E Correlation between the risk score and the expression of PD-1, CTLA-4, and TIM3 in the training (left) and valida-
tion groups (right)



Vol:.(1234567890)

Research	 Discover Oncology           (2023) 14:69  | https://doi.org/10.1007/s12672-023-00677-4

1 3

3.7 � CAPG enhances cell proliferation by regulating ferroptosis via SLC7A11‑mediated GSH synthesis

To study the role of CAPG in regulating ferroptosis in HCC, we examined the expression levels of key ferroptosis path-
way components. First, bioinformatics analysis indicated that the expression of CAPG was positively correlated with the 
expression of SLC7A11 (Spearman r = 0.231 P < 0.001; Fig. 8A). Western blotting and qRT‒PCR experiments indicated that 
CAPG knockdown markedly downregulated SLC7A11 levels in MHCC-97H and MHCC-LM3 cells (Fig. 8B, C). In addition, 
the level of GSH was decreased, while total iron and MDA were increased after CAPG knockdown (Fig. 8D). Collectively, 
these data show that CAPG enhances cell proliferation by regulating SLC7A11-mediated GSH synthesis and inhibiting 
ferroptosis in HCC.

4 � Discussion

In this study, we systematically explored the role of the ferroptosis-related gene signature in HCC. A prognostic model 
containing 3 ferroptosis-related genes was first constructed and validated in the TCGA-LIHC database. In addition, 
immune analysis, including various bioinformatics tools, revealed significant differences in the tumor microenviron-
ment and immune cell infiltration between the low-risk and high-risk groups, particularly the immune checkpoints 
PD-1, CTLA-4, and TIM3. These findings strongly suggest the great potential roles of ferroptosis in HCC.

The high recurrence rate of HCC seriously affects the prognosis, but there is no effective prevention method [14]. With 
the development of systemic therapy, an increasing number of drugs have appeared after sorafenib, but the improvement 
in survival time is still unsatisfactory [15]. Immunotherapy based on immune checkpoints has recently been used for 
HCC; however, its efficiency is limited to less than 20% [16, 17]. Therefore, it is urgent to study the development, progres-
sion, recurrence, and metastasis mechanism of HCC, which will help to reveal the key regulatory pathways or networks 
in cancer and promote the development and improvement of complementary therapies. Ferroptosis, a newly identified 
nonapoptotic regulated cell death driven by excessive lipid peroxidation, has been implicated in cancer development 
and therapeutic responses [7, 10]. Dysregulation of ferroptosis-associated regulators, including different “drivers”, “sup-
pressors”, and “markers”, is involved in all stages of tumor development [18]. This study used TCGA transcriptome data 
to explore the potential regulatory mechanism and prognostic value of ferroptosis-related genes in HCC. Forty-nine 
ferroptosis-related genes were differentially expressed in HCC tumors, and 3 ferroptosis-inhibiting genes (CAPG, SLC7A11, 
SQSTM1; upregulated in HCC) with poor prognosis were identified by univariate Cox and multivariate Cox regression 
analyses. The ferroptosis-based risk score can accurately judge the prognosis of patients. Notably, the risk score was also 
identified as an independent prognostic factor for HCC. Additionally, we developed a highly accurate prognostic map for 
predicting the 1-year, 3-year, and 5-year OS of HCC, which was higher than that of the C-index in a previous study [19].

Of note, there was a significant correlation between ferroptosis-associated genes and immune-related genes 
in HCC. Given the important supporting role of the tumor microenvironment in tumorigenesis and development, 
tumor malignant behavior is also regulated by other cells and factors in the microenvironment [1, 20]. The interaction 
among tumor cells, immune cells, and the immunosuppressive microenvironment regulates tumor progression in 
various stages [21]. Therefore, ferroptosis-mediated changes in tumor biological behavior may play a role through 
immune-related mechanisms [10]. In this study, we found that the expression of PD-1, CTLA-4, and TIM3 was signifi-
cantly different between the two groups. When further constructing the risk score model based on three key genes 
related to ferroptosis, the PD-1, CTLA-4, and TIM3 immune checkpoint genes were highly expressed in the high-risk 
groups. These findings suggest the potential role of ferroptosis in regulating immune checkpoint expression in the 
tumor microenvironment and provide potential guidance for HCC patients to choose immunosuppressive therapy.

Some studies have explored the roles of SLC7A11, CAPG, and SQSTM1 in cancer [7, 22–25]. SLC7A11 (XCT) is one of 
the most important inhibitory pathway molecules in ferroptosis, and most inducers of ferroptosis, such as erastin and 
sorafenib, target SLC7A11 [7, 26]. It should be noted that SLC7A11 is significantly expressed in poorly differentiated 

Fig. 7   The effect of CAPG knockdown on the proliferation ability of HCC cell lines. A Protein levels of CAPG were determined in HCC cell 
lines by Western blotting. GAPDH was used as the internal reference. B RT‒PCR was carried out to evaluate the expression of CAPG in HCC 
cell lines. C Protein levels of CAPG were detected in the MHCC-97H and MHCC-LM3 cell lines after CAPG silencing (control-siRNA as a con-
trol; siCon). D RT‒PCR was carried out to evaluate the expression of CAPG in the MHCC-97H and MHCC-LM3 cell lines after CAPG silencing. E 
Proliferation ability was evaluated by colony formation assay in CAPG knockdown cell lines. F Cell viability was measured by CCK-8 assays in 
CAPG knockdown cell lines. G Cellular replication was assessed by EdU incorporation assays in CAPG knockdown cell lines
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HCC tissues [22], which is consistent with our findings, and the SLC7A11 inhibitor SASP enhances ROS-mediated 
apoptosis in CDDP-treated HCC cells. The gelsolin-like actin-capping protein CAPG is a member of the calcium-
sensitive actin-binding protein family, which plays an important role in regulating cytoplasmic and nuclear structures 
[27]. Studies have reported that CAPG, as a tumor-promoting gene, may mediate the occurrence and development 
of various cancers [23, 28, 29]. The overexpression of CAPG in the cytoplasm of human HCC is associated with cell 
invasion, migration, and tumor prognosis in HCC [24]. However, the mechanisms underlying the functional roles of 
CAPG in HCC have rarely been reported to date. In our study, CAPG was significantly upregulated in HCC cells, and 
the knockdown of CAPG markedly reduced cancer cell proliferation, suggesting that CAPG is critical for HCC cell 
proliferation. We also found that CAPG knockdown markedly downregulated SLC7A11 levels. In addition, the level 
of GSH was decreased, while total iron and MDA were increased after CAPG knockdown. These results indicated that 
CAPG might enhance cell proliferation by regulating SLC7A11-mediated GSH synthesis and inhibiting ferroptosis in 
HCC. Further studies are still needed to explore the specific mechanisms of CAPG involvement in HCC.

There are several limitations in our study. First, the sample size in our study was quite small, and more datasets are 
needed to further confirm our results. Second, we did not conduct clinical validation in our patients to further evalu-
ate the prognostic value of the model established in our study. Finally, we only conducted an in vitro experiment to 

Fig. 8   CAPG enhances cell proliferation by regulating ferroptosis via SLC7A11-mediated GSH synthesis. A Spearman correlation analysis 
between the expression of CAPG and SLC7A11 in HCC patients according to TCGA databases. B Protein levels of ferroptosis-related proteins 
were measured by Western blotting in CAPG knockdown cell lines. C The expression of ferroptosis-related proteins was detected by RT‒PCR 
in CAPG knockdown or overexpression cell lines. D GSH, MDA, and total iron were detected in the CAPG knockdown cell line



Vol.:(0123456789)

Discover Oncology           (2023) 14:69  | https://doi.org/10.1007/s12672-023-00677-4	 Research

1 3

explore the potential role of CAPG in HCC development. The specific molecular mechanisms by which CAPG regulates 
SLC7A11 are currently unknown and will be the focus of our future work.

In summary, the risk prediction model for individual prognosis of HCC was developed according to the risk score of 
ferroptosis-related genes and vital clinical information, which may be clinically used in early diagnosis, diagnosis assis-
tance, and decision-making adjuvant therapies of HCC. Specifically, CAPG may drive HCC progression by regulating the 
SLC7A11-GSH ferroptosis signaling pathway.

Acknowledgements  We thank Xiaoqing Gong and Yuheng Xu for their assistance in the bioinformatics analysis and valuable discussion in 
our research.

Author contributions  QW, JZ, and CG performed data processing and analysed data. QW and ZT participated in writing the manuscript. YX, 
HY, and JZ contributed to the discussion and critical evaluation of the manuscript. JZ designed the study. All authors read and approved the 
manuscript.

Funding  This study was supported by the Guangdong Basic and Applied Basic Research Foundation (Grant Number 2019A1515110060), 
the Project of Guangdong Medical Science and Technology Research Foundation (Grant Number A2021009), administration of Traditional 
Chinese Medicine of Guangdong province (Grant Number 20221244), the Guangzhou Health Science and Technology Project (Grant Number 
20201A010054), Guangzhou Science and Technology Department-School Joint Project (Grant Number SL2022A03J00743), Basic and Applied 
Basic Research Foundation of Guangzhou Scicence and Technology Department (Grant Number 202102080067), Guangzhou Medical Uni-
versity Student Innovation Enhancement Project, and Plan on Enhancing Scientific Research in GMU (Grant Number 02-410-2302035XM).

Data availability  The datasets generated and analysed during the current study are available in TCGA (https://​portal.​gdc.​cancer.​gov/) and 
GEO (https://​www.​ncbi.​nlm.​nih.​gov/​geo/). Further inquiries can be directed to the corresponding authors.

Code availability  All statistical analyses were conducted by R software version 4.2.1 (www.​xiant​ao.​love). Concurrently, Metascape, a gene 
annotation and analysis resource, and GraphPad Prism (version 8.0.1) also participated in the analysis.

Declarations 

Ethics approval and consent to participate  All procedures involving human participants were performed following the Declaration of Helsinki. 
The protocol obtained review and approval from the Ethics and Scientific Committee of the Second Affiliated Hospital of Guangzhou Medical 
University (2022-YJS-ks-22).

Competing interests  The authors have no competing interest to disclose.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Llovet J, Kelley R, Villanueva A, et al. Hepatocellular carcinoma. Nat Rev Dis Primers. 2021;7:6.
	 2.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer J Clin. 2021;71:7–33.
	 3.	 Zhou M, Wang H, Zeng X, et al. Mortality, morbidity, and risk factors in China and its provinces, 1990–2017: a systematic analysis for the 

Global Burden of Disease Study 2017. Lancet (London, England). 2019;394:1145–58.
	 4.	 Jemal A, Ward E, Johnson C, et al. Annual report to the nation on the status of cancer, 1975-2014, featuring Survival. J Natl Cancer Inst. 

2017. https://​doi.​org/​10.​1093/​jnci/​djx030.
	 5.	 Stockwell BR, Friedmann Angeli JP, Bayir H, et al. Ferroptosis: a regulated cell death nexus linking metabolism, redox biology, and disease. 

Cell. 2017;171:273–85.
	 6.	 Toyokuni S, Ito F, Yamashita K, et al. Iron and thiol redox signaling in cancer: an exquisite balance to escape ferroptosis. Free Radic Biol 

Med. 2017;108:610–26.
	 7.	 Jiang X, Stockwell B, Conrad M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol. 2021;22:266–82.
	 8.	 Forciniti S, Greco L, Grizzi F, et al. Iron metabolism in cancer progression. Int J Mol Sci. 2020. https://​doi.​org/​10.​3390/​ijms2​10622​57.
	 9.	 Yang WS, SriRamaratnam R, Welsch ME, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014;156:317–31.
	10.	 Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferroptosis in cancer. Nat Rev Clin Oncol. 2021;18:280–96.
	11.	 Wang W, Green M, Choi JE, et al. CD8(+) T cells regulate tumour ferroptosis during cancer immunotherapy. Nature. 2019;569:270–4.

https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
http://www.xiantao.love
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jnci/djx030
https://doi.org/10.3390/ijms21062257


Vol:.(1234567890)

Research	 Discover Oncology           (2023) 14:69  | https://doi.org/10.1007/s12672-023-00677-4

1 3

	12.	 Ren Z, Hu M, Wang Z, et al. Ferroptosis-related genes in lung adenocarcinoma: prognostic signature and immune, drug resistance, muta-
tion analysis. Front Genet. 2021;12:672904.

	13.	 Ge M, Niu J, Hu P, et al. A ferroptosis-related signature robustly predicts clinical outcomes and associates with immune microenvironment 
for thyroid cancer. Front Med (Lausanne). 2021;8:637743.

	14.	 Piñero F, Dirchwolf M, Pessôa M. Biomarkers in hepatocellular carcinoma: diagnosis, prognosis and treatment response assessment. Cells. 
2020;9:1370.

	15.	 Llovet JM, Montal R, Sia D, Finn RS. Molecular therapies and precision medicine for hepatocellular carcinoma. Nat Rev Clin Oncol. 
2018;15:599–616.

	16.	 Kalasekar SM, Garrido-Laguna I, Evason KJ. Immune checkpoint inhibitors in combinations for hepatocellular carcinoma. Hepatology. 
2021;73:2591–3.

	17.	 Harkus U, Wankell M, Palamuthusingam P, et al. Immune checkpoint inhibitors in HCC: Cellular, molecular and systemic data. Semi Cancer 
Biol. 2022. https://​doi.​org/​10.​1016/j.​semca​ncer.​2022.​01.​005.

	18.	 Zhou N, Bao J. FerrDb: a manually curated resource for regulators and markers of ferroptosis and ferroptosis-disease associations. Data-
base. 2020. https://​doi.​org/​10.​1093/​datab​ase/​baaa0​21.

	19.	 Tang B, Zhu J, Li J, et al. The ferroptosis and iron-metabolism signature robustly predicts clinical diagnosis, prognosis and immune micro-
environment for hepatocellular carcinoma. Cell Commun Signal. 2020;18:174.

	20.	 Foerster F, Gairing S, Ilyas S, Galle P. Emerging immunotherapy for HCC: a guide for hepatologists. Hepatology (Baltimore, Md). 2022. 
https://​doi.​org/​10.​1002/​hep.​32447.

	21.	 Peña-Romero A, Orenes-Piñero E. Dual effect of immune cells within tumour microenvironment: pro- and anti-tumour effects and their 
triggers. Cancers. 2022;14:1681.

	22.	 Wada F, Koga H, Akiba J, et al. High expression of CD44v9 and xCT in chemoresistant hepatocellular carcinoma: potential targets by 
sulfasalazine. Cancer Sci. 2018;109:2801–10.

	23.	 Lang Z, Chen Y, Zhu H, et al. Prognostic and clinicopathological significance of CapG in various cancers: evidence from a meta-analysis. 
Pathol Res Pract. 2019;215:152683.

	24.	 Tsai TJ, Chao WY, Chen CC, et al. Gelsolin-like Actin-capping Protein (CapG) overexpression in the cytoplasm of human hepatocellular 
carcinoma, associated with cellular invasion, migration and tumor prognosis. Anticancer Res. 2018;38:3943–50.

	25.	 Huang W, Chen K, Lu Y, et al. ABCC5 facilitates the acquired resistance of sorafenib through the inhibition of SLC7A11-induced ferroptosis 
in hepatocellular carcinoma. Neoplasia. 2021;23:1227–39.

	26.	 Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer: ferroptosis, nutrient dependency, and cancer therapy. Protein 
Cell. 2021;12:599–620.

	27.	 Yu F, Johnston P, Südhof T, Yin H. gCap39, a calcium ion- and polyphosphoinositide-regulated actin capping protein. Science (New York, 
NY). 1990;250:1413–5.

	28.	 Tsai T, Lim Y, Chao W, et al. Capping actin protein overexpression in human colorectal carcinoma and its contributed tumor migration. 
Anal Cell Pathol (Amst). 2018;2018:8623937.

	29.	 Zhaojie L, Yuchen L, Miao C, et al. viaGelsolin-like actin-capping protein has prognostic value and promotes tumorigenesis and epithelial-
mesenchymal transition the Hippo signaling pathway in human bladder cancer. Ther Adv Med Oncol. 2019;11:1758835919841235.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.semcancer.2022.01.005
https://doi.org/10.1093/database/baaa021
https://doi.org/10.1002/hep.32447

	Comprehensive analysis of ferroptosis-related genes for clinical and biological significance in hepatocellular carcinoma
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Data sets and patients
	2.2 Identification and functional analysis of differentially expressed genes in ferroptosis
	2.3 Establishment and validation of the ferroptosis-associated prognosis model
	2.4 Study on the relationship between the construction of the HCC risk score model and immune-related genes
	2.5 Cell culture, transfection, and biological behavior assessment
	2.6 RNA isolation and qRT‒PCR analysis
	2.7 Total protein isolation and western blotting
	2.8 Iron assay
	2.9 Glutathione assays
	2.10 Lipid peroxidation assay
	2.11 Statistical analysis

	3 Results
	3.1 Differentially expressed ferroptosis genes in HCC
	3.2 Function analysis and network enrichment analysis
	3.3 Construction and validation of the ferroptosis-related prognostic model
	3.4 Clinical relevance investigation and nomogram construction
	3.5 Correlation between HCC risk score and immune-related gene expression
	3.6 CAPG is critical for HCC cancer cell proliferation
	3.7 CAPG enhances cell proliferation by regulating ferroptosis via SLC7A11-mediated GSH synthesis

	4 Discussion
	Acknowledgements 
	Anchor 30
	References


