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Abstract
Hepatocellular carcinoma (HCC) remains one of the most prevalent and lethal malignancies worldwide, with survival rates 
still falling short of expectations. Emerging evidence highlights the pivotal roles of both m6A methylation and ferroptosis-
related genes (FRGs) in HCC progression. However, the prognostic significance of m6A-modulated FRGs remains largely 
unexplored. In this study, we developed a novel prognostic signature based on m6A-regulated FRGs, identifying six key 
genes (VEGFA, FANCD2, ZFP69B, EIF2S1, SLC7A11, and SRXN1) through multivariate and LASSO Cox regression 
analyses. A high m6A-FRGs score was strongly associated with poor prognosis, and multivariate analysis confirmed it as 
an independent prognostic factor. Notably, the high-risk group exhibited increased expression of immune checkpoint genes 
and a higher frequency of gene mutations. Functional assays further demonstrated that silencing ZFP69B significantly sup-
pressed liver cancer cell proliferation, migration, and invasion. Clinical validation in 144 HCC samples revealed that elevated 
ZFP69B expression correlated with worse patient outcomes. Moreover, qPCR analysis confirmed CLSPN and HNRNPR as 
downstream targets of ZFP69B. Collectively, our findings establish the m6A-FRGs signature as a powerful prognostic tool 
for HCC and identify ZFP69B as a promising therapeutic target, warranting further investigation.
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DC	�  Dendritic cell
95% CI	�  95% Confidence interval

Introduction

Hepatocellular carcinoma (HCC) is a common and highly 
lethal malignant tumor worldwide [1]. Owing to the lack of 
specific clinical symptoms in the early stages, most patients 
are diagnosed at an advanced stage, often with intrahepatic 
metastases already present. Consequently, the 5-year sur-
vival rate remains extremely poor (approximately 10–20%), 
primarily due to the tumor’s high invasiveness and frequent 
metastasis [2]. Currently, no single prognostic gene is suf-
ficient to fully capture the complexity of HCC progression. 
For patients with advanced HCC who are ineligible for cura-
tive liver resection, a multidisciplinary treatment strategy 
is critical for improving clinical outcomes [3]. In recent 
years, systemic therapies for advanced HCC have under-
gone significant advancements. The phase III IMbrave150 
trial established the combination of atezolizumab and 
bevacizumab as the new standard first-line treatment, dem-
onstrating marked improvements in overall survival (OS) 
and progression-free survival (PFS) compared to sorafenib 
[4]. Furthermore, dual immunotherapy with durvalumab 
and tremelimumab, has emerged as an additional effective 
first-line regimen [5]. In parallel with therapeutic innova-
tion, the identification of reliable biomarkers—such as the 
neutrophil-to-eosinophil ratio (NER)—has gained attention 
for their potential to guide personalized treatment decisions 
[6]. In addition, to further improve prognostication in HCC, 
several gene expression-based signatures have been devel-
oped. These include an autophagy-related gene signature [7], 
an eleven-gene stemness-related signature [8], and a five-
gene metastasis-related mRNA signature [9]. Integrative 
research has revealed that HCC exhibits high heterogene-
ity at the genomic, transcriptomic, proteomic, and metabo-
lomic levels, and is tightly associated with distinct cellular 
pathways. Only a precise molecular signature can help HCC 
patients avoid unnecessary or potentially harmful treatments. 
Therefore, it is essential to elaborate on the natural history 
of HCC in combination with clinical characteristics. The 
development of novel signatures that incorporate more effec-
tive prognostic markers and therapeutic targets is urgently 
needed.

N6-methyladenosine (m6A), the most abundant inter-
nal modification in eukaryotic mRNA, is a key post-tran-
scriptional modification that regulates RNA translation, 
splicing, stability, degradation, and other critical aspects of 
mRNA metabolism [10]. The biological process of m6A 
modification is reversible and dynamic, and includes meth-
yltransferases, demethylases, and signal transducers, which 
are also referred to as “writers,” “erasers,” and “readers,” 

respectively. Writers, such as METTL3 and METTL14, can 
increase m6A levels by forming a methyltransferase complex 
[11], while erasers, including ALKBH5 and FTO, catalyze 
the removal of m6A modifications through demethylation 
[12]. Unlike writers and erasers, readers are a class of RNA-
binding proteins, such as HNRNPC, YTHDF1, YTHDC2, 
and YTHDC1, that can recognize m6A modifications and 
interpret these marks to mediate downstream functional out-
comes. Recent studies have suggested that aberrant m6A 
modifications exert a critical impact on the development 
and progression of hepatocellular carcinoma (HCC). For 
example, YTHDF1 drives hypoxia-induced autophagy [13] 
within the tumor microenvironment. METTL3 promotes 
HCC growth and metastasis by suppressing SOCS expres-
sion in an m6A-dependent manner [14], whereas ALKBH5 
suppresses cancer malignancy [15]. However, the role of 
m6A-modulated genes in relation to HCC prognosis remains 
poorly understood and requires further elucidation.

Since its first report and definition in 2012, ferropto-
sis has been recognized as a novel form of regulated cell 
death, distinct from apoptosis, necrosis, and autophagy. As 
a unique mode of cell death, ferroptosis participates in multi-
ple essential mechanisms involved in various cancer-related 
pathways, such as autophagy signaling [16], reactive oxy-
gen species (ROS) metabolism [17], TP53 signaling [18], 
and MAPK signaling [19]. Up to now, several ferroptosis 
inducers have been approved for clinical application by the 
U.S. Food and Drug Administration [20]; thus, ferroptosis-
based therapy has attracted considerable attention in cancer 
treatment. Unfortunately, to the best of our knowledge, the 
endogenous interaction between m6A status and ferroptosis 
regulators remains unknown. Thus, exploring the regulatory 
network of m6A-modulated ferroptosis-related genes (m6A-
FRGs) in the development of HCC may provide valuable 
insights for prognostic prediction and clinical intervention.

Consequently, m6A, a critical biological mechanism 
in RNA modulation, and ferroptosis, an important form 
of regulated cell death, may present a promising area for 
cancer therapy. Our understanding of the regulation of fer-
roptosis and the m6A process has increased considerably 
in the last decade. However, little is known about the pre-
cise interaction between m6A status and ferroptosis-related 
gene expression in HCC, and nothing is known yet about its 
prognostic value in HCC. In the present study, we identified 
the m6A-related ferroptosis-related genes (FRGs) expres-
sion from The Cancer Genome Atlas (TCGA) and analyzed 
their prognostic value in liver hepatocellular carcinoma 
(LIHC). Subsequently, we identified six m6A-related fer-
roptosis-related genes through least absolute shrinkage and 
selection operator (LASSO) regression analysis. This model 
comprised a novel m6A-FRGs prognostic signature, which 
could accurately predict the prognosis of HCC patients. Sub-
sequent multivariate analysis identified that the m6A-FRGs 
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was an independent indicator for HCC prognosis. Addition-
ally, the m6A-FRGs status was positively associated with 
immune checkpoint levels. Finally, the m6A-FRGs signature 
was validated using a cohort from the International Cancer 
Genome Consortium (ICGC).

Among the m6A-regulated ferroptosis-related genes iden-
tified, we focused on Zinc Finger Protein 69B (ZFP69B), 
a zinc finger transcription factor known to participate in 
DNA binding and protein–protein interactions. Unlike well-
characterized ferroptosis regulators (e.g., SLC7A11), the 
m6A-mediated regulation of ZFP69B in ferroptosis remains 
largely unexplored. Clinical analyses revealed a significant 
association between ZFP69B overexpression and poor prog-
nosis in HCC patients. Collectively, these findings suggest 
that ZFP69B may serve as a novel m6A-dependent regulator 
of ferroptosis with promising translational implications for 
HCC management.

We aim to investigate the potential role of ZFP69B in 
HCC by examining its expression in clinical liver cancer 
samples and evaluating its effects on cell proliferation, 
migration, and invasion in vitro.

Materials and methods

Data acquisition

Transcriptional profiling data of 374 HCC samples and 50 
normal tissues, along with clinical characteristics (9 out 
of 374 patients in the TCGA dataset were removed due to 
lack of information of survival) were downloaded from the 
TCGA LIHC database (http://​portal.​gdc.​cancer.​gov/​repos​
itory). Besides, m6A-related genes were obtained from the 
m6a2target dataset (http://​m6a2t​arget.​cance​romics.​org/#/) 
[21]. Ferroptosis-related genes were acquired from the 
FerrDb database (http://​zhoun​an.​org/​ferrdb/) [22]. HCC 
cohort (n = 243) were downloaded from International Can-
cer Genome Consortium (ICGC) (https://​dcc.​icgc.​org/) for 
external validation to test the predictive reliability of the 
model.

Identification of significantly different expressed 
genes and functional enrichment analysis

The “limma” package in R software was applied to screen 
differentially expressed genes between HCC and normal tis-
sues. The thresholds were set at |log2fold change|> 1 and 
false discovery rate (FDR) < 0.05. ClusterProfiler v4.0 pack-
age was utilized to functional annotation: The Gene Ontol-
ogy (GO) function and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway.

Consensus clustering analysis

According to the expression of prognostic m6A-FRGs in 
HCC, all cases in the LIHC cohort were clustered into 
subgroups by the R package “ConsensusClusterPlus”. 
Then, the Kaplan–Meier survival analysis was performed 
through the R package “survival” to assess the statistical 
difference of OS between clusters.

Development of the m6A‑FRGs prognostic model

Multivariate cox regression analysis was applied to assess 
the statistical significance between the m6A-FRGs and the 
OS of HCC patients. The m6A-related FRGs with prog-
nostic significance (p < 0.05) in the TCGA dataset were 
used to screen into a LASSO Cox regression. The analysis 
achieved by using the “glmnet” package in R software and 
then generated crucial genes for m6A-related ferroptosis-
related genes (m6A-FRGs) prognostic signature. The for-
mula was calculated with the combinational of the nor-
malized gene expression weighted by their corresponding 
regression coefficients: Risk score = (Expr of Gene1* Coef 
of Gene1) + (Expr of Gene2*Coef of Gene2) + … + (Expr 
of Gene-n* Coef of Gene-n), with “Expr” referring to tran-
scriptional expression of m6A-FRGs “Coef” referring to 
corresponding regression coefficient calculate by LASSO.

Assessment of the prognostic value m6A‑FGR 
prognostic signature

Kaplan–Meier survival analysis with log-rank test was 
applied to assess the survival relationship between m6A-
FRGs signature and the OS of HCC patients. The “surviv-
alROC” R package was used to time-dependent receiver 
operating characteristic (ROC) analysis to evaluate the 
predictive accuracy of m6A-FRGs signature. Principal 
components analysis (PCA) was applied to describe the 
distribution patterns of three clusters. Multivariate cox 
was performed to confirm the independency of the prog-
nostic m6A-FRGs.

Correlations between model and immune 
checkpoint genes and microenvironment profiles

We compared the expression of immune checkpoint genes 
(programmed cell death 1, PD-1; Programmed cell death 
1 ligand 1, PD-L1; T-cell immunoglobulin and mucin 
domain 3, TIM3; lymphocyte-activation gene 3, LAG3; 
T cell immunoreceptor with immunoglobulin and ITIM 
domain, TIGIT) in different risk groups. The fraction of 19 

http://portal.gdc.cancer.gov/repository
http://portal.gdc.cancer.gov/repository
http://m6a2target.canceromics.org/#/
http://zhounan.org/ferrdb/
https://dcc.icgc.org/
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microenvironment components infiltrated in tumor tissue 
was assessed using the previous literature [23].

Cell culture and transfection

The Huh7 and HepG2 cell lines were obtained from 
Guangzhou Cellcook Biotech Co, Ltd. (Guangdong, 
China). Both cell lines were cultured in DMEM (Gibco, 
USA), supplemented with 10% fetal bovine serum and 1% 
Penicillin/Streptomycin, and maintained at 37 °C in a 5% 
CO2 incubator. Mycoplasma contamination was regularly 
tested using the Mycoplasma Detection Kit (Solarbio, Bei-
jing, China). ZFP69B siRNA and universal negative con-
trol siRNA were purchased from General BioL (China). 
Lipofectamine RNAiMAX transfection reagent and OPTI-
MEM medium were obtained from Thermo Fisher (USA).

Clinical liver cancer patient samples

144 HCC tissue samples were collected from patients who 
underwent curative hepatectomy at Peking University Shen-
zhen Hospital between January 2015 and December 2018. 
These samples were used to construct tissue microarrays 
(TMAs). Overall survival (OS) was defined as the time from 
the date of surgery to either death or the end of the follow-up 
period (December 2021). Disease-free survival (DFS) was 
measured from the date of surgery to the date of recurrence 
or the last follow-up. All cases were independently reviewed 
by two pathologists. This study was conducted in accord-
ance with the Declaration of Helsinki. The use of clinical 
specimens, patient characteristics, and follow-up data for 
research purposes was approved by the ethics committee of 
Peking University Shenzhen Hospital. Informed consent was 
obtained from all patients prior to surgery. Ethics approval 
(IRB# 2023-072).

Cell viability assay and colony formation assay

Cell suspensions (3 × 103 cells per well) were seeded into 
96-well plates, and cell proliferation was measured at 24, 
48, and 72 h. Then, 10 μl of CCK-8 reagent (Dojindo, Japan) 
was added to each well, and the plates were incubated for 
2 h. The absorbance at 450 nm was then measured using a 
microplate reader.

A total of 1 × 103 cells were seeded into 6-well plates and 
cultured for 14 days, with medium changes every 3 days. 
Afterward, the plates were washed three times with PBS, 
fixed with 4% paraformaldehyde, and stained with 1% crys-
tal violet. Colony numbers were then counted and recorded.

Cell migration and invasion assays

Migration and invasion assays were performed using Tran-
swell chambers, with and without Matrigel (BD, USA) coat-
ing. For migration assays, 6 × 104 cells were added to the 
upper chambers without Matrigel, and for invasion assays, 
1.2 × 105 cells were added to the chambers with Matrigel. A 
total of 800 μl of medium containing 20% FBS was placed 
in the lower chamber. After 24 h of incubation, cells on the 
lower surface of the membrane were fixed with 4% para-
formaldehyde for 20 min, then stained with 1% crystal violet 
for 15 min. The number of migratory or invasive cells was 
counted by examining three randomly selected microscopic 
fields per well using a light microscope.

Immunohistochemical staining of the TMA

Immunohistochemical staining was performed as previously 
described [24]. In brief, TMA slides were first dewaxed in 
xylene for 10 min and rehydrated using graded ethanol. 
Antigen retrieval was done using a citric acid buffer (pH 
6.0) for 20 min. To block endogenous peroxidase activity, 
the sections were treated with 3% hydrogen peroxide for 
5 min. The slides were then incubated overnight at 4 °C with 
rabbit anti-ZFP69B antibody (1:100 dilution; Signalway 
Antibody; 39824). Afterward, they were incubated with sec-
ondary antibodies for 1 h at 37 °C. The slides were stained 
with DAB for 2 min in the dark, followed by hematoxylin 
staining for 2 min. Finally, the slides were dehydrated with 
graded alcohol, mounted with neutral balsam, and visualized 
using CaseViewer2.4 and Quant Center2.1 (3DHISTECH, 
Hungary).

qRT‑PCR assay

Total RNA was extracted from cells using 1 mL of Trizol 
(Invitrogen, USA), followed by reverse transcription using 
Prime-Script RT Master Mix (Vazyme, China). Quantita-
tive Reverse Transcription Polymerase Chain Reaction 
(qRT-PCR) was conducted with SYBR Green Realtime 
PCR Master Mix (Vazyme, China). Each experiment was 
independently repeated three times.

Statistical analysis

All data were calculated statistically by R software and 
GraphPad Prism 9. The OS of the high- and low- risk groups 
were compared via the Kaplan–Meier method with a log-
rank test. A hazard ratio (HR) and a 95% confidence inter-
val (CI) were assessed by univariable and multivariate Cox 
regression analysis. A p value of less than 0.05 was con-
sidered to be statistically significant (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001).
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Results

Identification of 55 m6A‑related genes 
in the ferroptosis in HCC patients

The detailed flowchart for risk model signature construc-
tion and subsequent system analyses is shown in Fig. 1. 
The transcriptional gene expression data were used to 
analyze this study. We first obtained 259 FRGs from the 
FerrDb, 14,152 m6A-related modification genes specified 
in HCC cell lines from the m6A2target and 28210 dif-
ferentially expressed genes were downloaded for model 
construction in the TCGA dataset (Supplementary Excel 
1–3). Next, combined with clinical information, univariate 
cox regression analysis was used to screen out prognostic 
indicators. Venn diagram showed that 55 genes overlapped 
among the four groups combined with gene differential 
expression analysis (Fig. 2A). The results suggested that 
55 genes in TCGA cohort were remarkably associated 

with the overall survival (OS) (p < 0.05). There were 49 
genes up-regulated and 6 genes were down-regulated in 
the tumor compared with the normal tissues (Fig. 2B). To 
reveal the molecular mechanism behind the 55 FRGs, the 
top three terms BP for GO analysis were cellular response 
to chemical stress, cellular response to oxidative stress, 
and response to oxidative stress in the Fig. 2C. The top 
three CC terms for GO analysis were autophagosome, 
autolysosome and melanosome. The top three MF terms 
for GO analysis were ferric iron binding, antioxidant activ-
ity and RNA polymerase II-specific DNA binding. For 
KEGG pathway analysis, the cancer- or ferroptosis-related 
KEGG pathways were remarkably enriched in the high-
risk group (Fig. 2C, D), such as Chemical carcinogenesis-
reactive oxygen species, Ferroptosis, Autophagy-animal, 
Necroptosis, Hepatocellular carcinoma, Mitophagy-ani-
mal, HIF-1 signaling pathway and bladder cancer, MAPK 
signaling pathway, and Apoptosis. 

Fig. 1   Flow chart of this study. Overview of the comprehensive 
analysis. We first obtained 259 FRGs and 14,152 m6A modification 
genes in the TCGA dataset. Then, 55 genes were identified as prog-
nostic factors after univariate cox regression and had been selected 
for further analysis. We performed LASSO Cox regression analysis 
to further filter a model that contained 6 FRGs and have an excel-
lent prognostic efficacy. Finally, enrichment analysis and validation 

experiments were used to explore the functions of these genes in 
HCC. Additionally, among these 6 genes, ZFP69B was identified as a 
key gene, and its function was validated through in vitro experiments. 
Abbreviations: FRG, ferroptosis-related gene; TCGA, the Cancer 
Genome Atlas; LASSO, least absolute shrinkage and selection opera-
tor; HCC, hepatocellular carcinoma
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Fig. 2   Identification of 55 FRGs by combined analysis. A A total 
of 55 prognostic genes were identified and were associated with fer-
roptosis and m6A status in the TCGA cohorts. B A heatmap showing 
the expressions of the 55 prognostic genes in tumors and normal tis-
sues in the TCGA cohorts. Green represents downregulation, and red 
represents upregulation of genes. C GO annotation: Top 10 enriched 

biological processes, molecular functions, cellular components. and 
D KEGG pathway enrichment analysis of the 55 genes revealed key 
molecular potential pathways  potentially involved in HCC progres-
sion. Abbreviations: FRG, ferroptosis-related gene; TCGA, the Can-
cer Genome Atlas; HCC, hepatocellular carcinoma; GO, Gene Ontol-
ogy; KEGG, Kyoto Encyclopedia of Genes and Genomes
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Profile of 55 m6A‑relatad genes in the ferroptosis 
among HCC

According to the profile of these 55 genes, we used the con-
sensus clustering analysis to assess the significance of m6A-
FRGs in the progression of HCC by dividing all the cases 
into different clusters. The cumulative distribution function 
(CDF) of different clustering methods from k = 2 to 9 and the 
relative changes of the area under CDF curves are shown in 
Fig. 3A, B. The corresponding sample distribution is shown 
in Fig. 3C. Considering the increase in CDF and consistent 
expression of m6A-FRGs in HCC, two clusters were deter-
mined with 220 and 149 cases in cluster 1 and 2, respec-
tively (Fig. 3D). PCA analysis revealed  a significant differ-
ence in gene expression profiles between these two clusters 
(Fig. 3E). And the results of KM plotter showed that these 
two clusters had distinct survival (Fig. 3F). As for the clini-
cal characteristics, no significant differences on T stage, N 
stage, M stage, gender, or age were observed between the 
two clusters (Fig. 3G).

Construction of a prognostic signature model based 
on m6A‑FRGs in HCC

To further reduce the candidate genes in the Lasso analy-
sis, six genes were identified as prognostic factors by mul-
tivariate Cox regression (p < 0.1), then LASSO analysis was 
applied to the 6 m6A related-FRGs to generate a prognostic 
signature (m6A-FRGs). (Fig. 4A, B). Eventually, 6 genes 
(EIF2S1, VEGFA, FANCD2, SLC7A11, ZFP69B, SRXN1) 
were enrolled to construct the risk signature according 
to the minimum criteria of LASSO. Based on the coeffi-
cients, the following formula was used to calculate the risk 
score: The expression of EIF2S1 * 0.4685 + FANCD2 * 
0.1341 + SLC7A11 * 0.2265 + SRXN1*0.3075 + VEGFA
*0.1249 + ZFP69B*0.6225. The optimal cutoff value for 
the m6A-FRGs risk score was identified using the surv_
cutpoint function from the survminer R package (version 
0.5.0), which employs maximally selected rank statistics 
to maximize survival differences between high- and low-
risk groups. This approach iteratively evaluates potential 
thresholds to find the value with the highest log-rank test 
statistic. These data show that the risk signature could be 
a novel prognostic predictor for HCC. As illustrated in 
Fig. 4C, the OS of the high-score group was worse than that 
of low-score group based on the optimal m6A-FRGs cut-
off value. Time-dependent ROC analysis was performed to 
evaluate the prognostic accuracy of m6A-FRGs. As shown 
in Fig. 4D, the area under the curve (AUC) for 1-, 3-, 5-year 
OS reached 0.76, 0.68, and 0.66, respectively, suggesting a 
powerful predictive value of the m6A-FRGs.

Association of gene signature 
with clinicopathological characters in HCC

To further investigate the clinical characteristics between 
m6A-FRGs, we observed that there were no obvious differ-
ences between low- and high-risk groups regarding clinical 
N stage, M stage, gender, and age. However, there were sta-
tistically significant differences in T stage, Stage, and fustat 
(Fig. 5A). Regarding the T stage, with an increase in the 
stage level, the risk score also increased. Significant differ-
ences were observed between T1 stage and T2, T3 stages, 
with p values of 0.041 and 0.00084, respectively. However, 
there were no significant statistical differences between T1 
stage and T4 stage (Fig. 5B). In terms of Stage, a significant 
difference in risk scores was observed between Stage 1 and 
Stage 3 (p = 0.00016), while no significant differences were 
found between Stage 1 and Stage 2 (p = 0.06) or Stage 1 and 
Stage 4 (p = 0.91) (Fig. 5C). In the univariate cox analysis, 
Stage, T stage, M stage and risk score were remarkably cor-
related with OS (Fig. 5D). Multivariate cox analysis pre-
sented that only m6A-FRGs risk signature remained signifi-
cantly correlated with OS, which indicating that m6A-FRGs 
signature could serve as an independent prognostic predictor 
for OS of HCC (Fig. 5E).

Immune microenvironment and gene mutations 
associated with m6A‑modulated ferroptosis 
in hepatocellular carcinoma

At present, immunotherapy has become an important 
treatment for prolonging the survival of multiple types 
of cancers. The correlation between m6A-FRGs and the 
microenvironment subtypes in the TCGA-LIHC dataset 
was investigated. The distributions of different microen-
vironment signatures in TCGA-LIHC were obtained from 
previous literature [23]. The high-risk group comprised 
major immune cell associated signatures, such as mac-
rophages, macrophage-DC trafficking, MDSC trafficking, 
MHCII and MHCI. The high-risk group was also enriched 
in gene expression signatures defining stromal compo-
nents, such as matrix remodeling, protumor cytokines, 
granulocyte traffic and proliferation rate, whereas the high-
risk group was negatively associated with the numbers of 
endothelium and Th2 signature (Fig. 6A). We observed 
that the high-risk group exhibited a higher level of gene 
mutation compared with the low-risk group. We noted 
that the different gene mutations in the high (Fig. 6B) 
and low (Fig. 6C) risk groups. There were 86 gene muta-
tions with statistically difference between high and low 
m6A-FRGs score groups (Supplementary Excel 4). Our 
results revealed that the mutation of TP53 (p < 0.00001), 
DNAH10 (p = 0.00002), OBSCN (p = 0.00292) and 
KEAP1 (p = 0.00331) was significantly different between 
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Fig. 3   Consensus clustering analysis of 55 prognostic FRGs in the 
HCC. A–C The consensus CDF, relative changes in area under the 
CDF curves, and tracking plots showed with the index from 2 to 9. 
D The distribution of different clusters with index k = 2. E The 2D 
PCA plots of the TCGA dataset based on the expression of 55 signa-
ture genes in different risk groups. F There was significant difference 

about prognosis between two cluster. G There were no obvious dif-
ferences in T stage, N stage, M stage, gender, or age were observed 
between the two clusters. *p < 0.05, **p < 0.01, ***p < 0.001. Abbre-
viations: FRG, ferroptosis-related gene; PCA, principal component 
analysis; TCGA, the Cancer Genome Atlas; HCC, hepatocellular car-
cinoma
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high and low m6A-FRGs score groups, suggesting that 
mutation of these genes may be involved in the ferropto-
sis regulation. Next, we further evaluated the correlation 
between the m6A-FRGs and the levels of immune check-
points. The high-risk group had significantly positively 
associated with higher expression levels of CD276, CD47, 
CD80, HAVCR2, VTCN1 and TIGIT (Fig. 6D).

Verification of m6A‑FRGs in ICGC dataset

We obtained the ICGC datasets for external validation. The 
heatmap showed that the expression of SLC7A11, SRXN1, 
VEGFA, EIF2S1, FANCD2 and ZFP69B in the ICGC data-
set (Fig. 7A). Kaplan–Meier plotter revealed that the high 
score of m6A-FRGs can predict worse outcome of HCC 

Fig. 4   Construction of a predictive model and m6A-FRGs of HCC. 
A, B The LASSO Cox regression model was constructed from the six 
prognostic genes, and the tuning parameter (lambda) was calculated 
based on the partial likelihood deviance with tenfold cross-validation. 
An optimal log value is indicated by the vertical black line in the plot. 
C Survival curves revealed that the subgroup with higher risk had 
a worse OS rate compared with patients with low-risk subgroup. D 

The AUC of the ROC analysis showed the predicted efficacy of  the 
m6A-FRGs. Abbreviations: FRG, ferroptosis-related genes; HCC, 
hepatocellular carcinoma; LASSO, least absolute shrinkage and 
selection operator; OS, overall survival; ROC, receiver operating 
characteristic; HR, hazard ratio; CI, confidence interval; AUC, area 
under curve
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Fig. 5   Clinical significance and prognostic value of m6A. A The 
heatmap showing the relationship between m6A-FRG and clini-
cal characteristics. B, C The associations between m6A-FRGs and 

T stage, and Stage. D Univariate and E multivariate Cox regression 
analyses for OS in HCC patients. Abbreviations: FRG, ferroptosis-
related genes; OS, overall survival; HCC, hepatocellular carcinoma
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patients in the ICGC dataset (p = 0.0016) (Fig. 7B). The 
m6A-FRGs was an effective predictor of clinical outcomes 
in the first three years (Fig. 7C). Furthermore, gender, m6A-
FRGs and tumor stage were significantly correlated with OS 
in the univariate cox analysis (Fig. 7D), and the results of 
multivariate cox analysis are the same, indicating that m6A-
FRGs signature could serve as an independent prognostic 
predictor for OS of HCC (Fig. 7E).

Silencing of ZFP69B inhibits HCC growth 
and metastasis in vitro

Due to the fact that SLC7A11, SRXN1, VEGFA, EIF2S1, 
and FANCD2 have been extensively studied and are known 
to be closely related to critical biological processes in can-
cer, such as oxidative stress, angiogenesis, DNA repair, and 
translational regulation, the study of ZFP69B remains rela-
tively limited. Its functions and specific roles in liver can-
cer are still unclear. Furthermore, a chi-square analysis was 
used to compare the ZFP69B levels and clinicopathological 
features. The results showed that ZFP69B levels were sig-
nificantly positively associated with AFP levels (p = 0.025) 
and TNM stage (p < 0.001) (Table 1). To further investigate 
the role of ZFP69B, we silenced its expression to observe 
changes in cell proliferation, migration and invasion. First, 
we knocked down ZFP69B in Huh7 and HepG2 cells using 
siRNA. As shown in Fig. 8A, compared to the siRNA-
Control, the expression level of ZFP69B was significantly 
down-regulated at the 48 h after transfection of siRNA-118 
and siRNA-119 into the cells. Subsequently, the CCK-8 
assay demonstrated that silencing ZFP69B expression with 
siRNA significantly inhibited the proliferation of Huh7 and 
HepG2 cells (Fig. 8B). Furthermore, the colony formation 
assay indicated that the downregulation of ZFP69B sub-
stantially suppressed the colony formation ability of Huh7 
and HepG2 cells (Fig. 8C). Additionally, silencing ZFP69B 
could suppress migration and invasion of HepG2 and Huh7 
cells (Fig. 8D, E). Taken together, these results have sug-
gested that suppressing the expression of ZFP69B could 
inhibit the proliferation, migration, and invasion ability of 
liver cancer cells. 

High expression of ZFP69B predicts poor prognosis 
in liver cancer patients

To explore the effects of ZFP69B on the HCC survival, we 
stratified 144 cases into two subgroups based on median 
ZFP69B expression: ZFP69B-high (n = 72) and ZFP69B-
low (n = 72). Representative images of high and low 
ZFP69B expression are shown in Fig. 9A. Kaplan–Meier 
survival curves indicated that the patients with higher 

ZFP69B levels had remarkably shorter overall survival (OS) 
(Fig. 9B). Similarly, patients with higher ZFP69B levels 
exhibited significantly shorter disease-free survival (DFS) 
(Fig. 9C).

Downstream targets and pathways associated 
with ZFP69B

Based on the TCGA LIHC cohort, patients were catego-
rized into two groups: high and low ZFP69B expression. 
By comparing the gene expression profiles between these 
groups, we found that 2544 genes were upregulated and 
39 genes were downregulated in the high ZFP69B expres-
sion group (Fig. 10A). Notably, among these 2544 upregu-
lated genes, those showing the most significant expression 
changes correlated with ZFP69B—based on the greatest 
fold-change—were BTBD10, MDC1, DVL3, DCLRE1B, 
HNRNPR, SART3, CLSPN, EXO5, TCEANC2, and 
ZMYM1 (Fig.  10B). To investigate whether these ten 
selected genes are downstream targets of ZFP69B in liver 
cancer, we performed qPCR assays for validation. In Huh7 
cells, ZFP69B was silenced using two siRNAs, and the 
results demonstrated that CLSPN, BTBD10, HNRNPR, 
SART3, and EXO5 were downregulated after ZFP69B 
knockdown (Fig.  10C). In HepG2 cells, CLSPN and 
HNRNPR were downregulated upon ZFP69B knockdown 
(Fig. 10D). Combining the results from both liver cancer 
cell lines, we identified CLSPN and HNRNPR as down-
stream targets of ZFP69B.

Discussion

Hepatocellular carcinoma (HCC) represents a major global 
health challenge and contributes substantially to cancer-
related mortality worldwide. Despite notable advance-
ments in radical surgical resection and systemic therapies, 
the long-term prognosis of HCC remains unsatisfactory due 
to high rates of recurrence and metastasis. Therefore, the 
identification of reliable prognostic biomarkers is urgently 
needed to improve risk stratification and guide individu-
alized treatment strategies. In the present study, we com-
prehensively analyzed transcriptomic profiles and clinical 
data from publicly available datasets. A total of 259 m6A-
related genes associated with the ferroptosis pathway were 
identified as prognostically significant. Through least abso-
lute shrinkage and selection operator (LASSO) regression 
analysis, we constructed a novel prognostic signature based 
on six mRNAs (EIF2S1, VEGFA, FANCD2, SLC7A11, 
ZFP69B, and SRXN1), referred to as the m6A-FRGs signa-
ture. Kaplan–Meier survival analysis and multivariate Cox 
regression revealed that patients classified into the high-risk 
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group based on this signature exhibited significantly reduced 
overall survival compared to those in the low-risk group. 
These findings suggest that the m6A-FRGs model is a prom-
ising and robust prognostic indicator for patients with HCC, 
with potential applications in clinical decision-making and 
precision oncology.

Specifically, the expression levels of EIF2S1, VEGFA, 
FANCD2, SLC7A11, ZFP69B, and SRXN1 were found to 
be significantly elevated in HCC. Notably, among these six 
genes, EIF2S1 was not only implicated in Xin Li’s clas-
sification system but also identified as a key component 
of the endoplasmic reticulum stress-related signature, 
highlighting its potential importance in HCC progression 
and prognosis [25]. EIF2S1 has been reported to promote 
tumorigenesis by enhancing tumor cell proliferation and 
conferring resistance to apoptosis under hypoxic and 
nutrient-deprived conditions [26]. However, the role of 
EIF2S1 in HCC remains to be clarified. Of note, VEGFA 
promotes the proliferation and migration of vascular 
endothelial cells, thereby stimulating tumor angiogenesis 
and ensuring an adequate blood supply for HCC growth 
and metastasis. Given that HCC is a highly vascularized 
tumor, elevated VEGFA expression is often associated with 
increased invasiveness and poor prognosis [27]. FANCD2 
may play a crucial role in maintaining genomic stability 
in HCC by participating in DNA damage repair. Studies 
have shown that the HCC cell line Huh7 exhibits defects 
in FANCD2 monoubiquitination and nuclear focus forma-
tion, while remaining proficient in RAD51 focus forma-
tion. Gene complementation experiments further revealed 
that this inactivation of the proximal Fanconi anemia (FA) 
pathway is attributed to defective FANCC function in Huh7 
cells. Given that HCC development is closely associated 
with chronic liver injury, inflammation, and genomic insta-
bility, FANCD2 dysfunction may significantly contribute 

to disease progression [28]. The METTL9–SLC7A11 axis 
has been identified as a critical pathway promoting HCC 
progression by inhibiting ferroptosis. SLC7A11 maintains 
intracellular glutathione (GSH) levels, thereby protecting 
cells from oxidative stress and ferroptosis. Its high expres-
sion is closely associated with advanced HCC stages and 
poor patient prognosis [29]. ZFP69B expression is sig-
nificantly elevated in gastric cancer compared to normal 
tissues and has been proposed as a potential prognostic 
indicator in this context [30]. However, the role of ZFP69B 
in HCC remains uncharacterized.

We divided the patients into two risk groups based on the 
median cutoff of the m6A-FRGs score. Patients in the high-
risk group had significantly shorter overall survival (OS) 
than those in the low-risk group. The time-dependent ROC 
curve demonstrated that the m6A-FRGs signature had high 
predictive accuracy for patient prognosis, particularly for 
1-year OS prediction. Multivariate Cox regression analysis 
confirmed that the m6A-FRGs signature is an independent 
prognostic biomarker for HCC. Furthermore, patients in the 
high-risk group exhibited increased immune cell infiltration 
and higher expression levels of immune checkpoint proteins, 
including PD-1, PD-L1, TIM-3, LAG-3, and TIGIT. Nota-
bly, the high m6A-FRGs group also showed a significantly 
higher mutation rate in key tumor suppressor genes, such as 
TP53. These findings suggest that HCC patients with higher 
risk scores may derive greater benefit from immunotherapy.

Moreover, recent advancements in HCC immunotherapy 
have highlighted the potential of immune checkpoint inhibi-
tors (ICIs) like pembrolizumab, nivolumab, and atezoli-
zumab. However, clinical trials assessing single-agent ICIs 
have reported disappointing results in HCC, underscoring 
the need for better predictive biomarkers of response. In con-
trast, combination therapies, such as the combination of ate-
zolizumab (PD-L1 inhibitor) and bevacizumab (anti-VEGF 
agent), have shown remarkable clinical benefits. These find-
ings emphasize the importance of understanding biomarkers 
such as PD-L1 expression, tumor mutational burden (TMB), 
and microsatellite instability (MSI) in predicting therapeutic 
outcomes.

However, several important questions remain unan-
swered regarding the use of ICIs in HCC. First, only a sub-
set of patients benefits from immunotherapy, which raises 
concerns about the lack of reliable biomarkers. Therefore, 
a more comprehensive understanding of potential biomark-
ers, including those identified in this study, is critical to 
optimizing treatment strategies. In addition, the hetero-
geneity in clinical trial designs, patient populations, and 
treatment regimens across studies has led to inconsistent 
results, further complicating the evaluation of immuno-
therapy in HCC.

We further validated the expression and prognostic value 
of the novel m6A-FRGs signature in an external dataset. 

Fig. 6   Immune signature, tumor mutation profiles, and immune 
checkpoint expression in m6A-modulated ferroptosis in HCC. A The 
high-risk group comprised major immune cell associated signatures, 
such as macrophages, Macrophage-DC trafficking, MDSC traffick-
ing, MDSC, Treg trafficking, Treg, MHCII, T cells, MHCI. The high-
risk group also were enriched in gene expression signatures defining 
stromal components, such as matrix remodeling, granulocyte traffic, 
coactivation molecules, checkpoint inhibition, and proliferation rate, 
whereas the high-risk group was negatively associated with the num-
bers of endothelium and Th2 signature. B Tumor mutation profiles in 
the high risk m6A-FRGs. C Tumor mutation profiles in the low risk 
m6A-FRGs. D The expression of CD276, CD47, CD80, HAVCR2, 
VTCN1 and TIGIT were upregulated with significance in the high 
score of m6A-FRGs. Abbreviations: PD-1, programmed cell death 
1; PD-L1, programmed cell death 1 ligand 1; TIM3, T-cell immu-
noglobulin and mucin domain 3; LAG3, lymphocyte-activation gene 
3; TIGIT, T cell immunoreceptor with immunoglobulin and ITIM 
domain. Abbreviations: MDSC, Myeloid-derived suppressor cells; 
DC, dendritic cell; FRG, ferroptosis-related genes; TCGA, the Cancer 
Genome Atlas

◂
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Fig. 7   Validation of m6A-FRGs by ICGC dataset. A The heatmap 
showed the expression of six genes in the ICGC dataset. B Kaplan–
Meier plotter revealed that the high score of m6A-FRGs can predict 
the worse outcome of HCC patients in the ICGC dataset, p value was 

0.0016. C the ROC curve of m6A-FRGs for diagnosing HCC. D Uni-
variate and E multivariate Cox regression analyses for OS in HCC 
patients. Abbreviations: FRG, ferroptosis-related genes; ICGC, Inter-
national Cancer Genome Consortium
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Similar results were observed. Specifically, the ICGC data-
set was used to independently verify the model. First, the 
expression levels of the six genes were significantly upregu-
lated in the ICGC cohort, consistent with our previous find-
ings. Although Kaplan–Meier survival analysis did not show 
a statistically significant difference in overall survival based 
on the m6A-FRGs score, univariate Cox regression analysis 
indicated that the signature had a significant association with 

patient prognosis. Furthermore, multivariate Cox regression 
confirmed that the m6A-FRGs signature served as an inde-
pendent prognostic predictor. These results demonstrated 
the robust predictive performance of the m6A-FRGs model 
across two independent cohorts, supporting its stability and 
potential clinical utility.

Despite the promising results, several limitations should 
be acknowledged. First, our findings suggest that high-risk 

Table 1   Correlation between 
ZFP69B expression and clinical 
characteristics in HCC (n = 144)

AFP alpha-fetoprotein, TNM tumor-node-metastasis

Clinical characteristics ZFP69B expression P value

Low(N = 72) High(N = 72)

Sex (Female vs. male) 0.46
 Female 11 8
 Male 61 64

Age, year (≤ 50 vs. > 50) 0.095
 ≤ 50 29 39
 > 50 43 33

AFP, ng/mL (≤ 13.4 vs. > 13.4) 0.025
 ≤ 13.4 33 20
 > 13.4 39 52

HBsAg (negative vs. positive) 0.479
 Negative 12 9
 Positive 60 63

Liver cirrhosis (negative vs. positive) 0.643
 Negative 10 12
 Positive 62 60

Tumor size, cm (≤ 5 vs. > 5) 1.000
 ≤ 5 cm 38 38
 > 5 cm 34 34

Tumor number (single vs. multiple) 0.248
 Single 57 51
 Multiple 15 21

Tumor encapsulation (complete vs. none) 0.284
 Complete 52 46
 None 20 26

Vascular invasion (negative vs. positive) 0.045
 Negative 45 33
 Positive 27 39

Tumor differentiation (I + II vs. III + IV) 0.298
 I + II 49 43
 III + IV 23 29

TNM stage (I vs. II + III) 0.000
 I 41 20
 II and III 31 52
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Fig. 8   Silencing ZFP69B inhibits the proliferation, migration and 
invasion of HCC cells in vitro. A The silencing of ZFP69B expres-
sion in HepG2 and Huh7 cells was confirmed by qRT-PCR. B The 
suppression of ZFP69B expression in HepG2 and Huh7 cells resulted 
in delayed cell proliferation, as assessed by the CCK-8 assay. C 
Colony formation assays demonstrated that inhibiting ZFP69B 
expression reduced the proliferation of HepG2 and Huh7 cells. D A 

migration assay was performed to evaluate the migratory capacity 
of HepG2 and Huh7 cells. The cells were fixed, stained with crys-
tal violet, and representative images were captured. E An invasion 
assay was conducted to assess the invasive potential of HepG2 and 
Huh7 cells. Values are mean ± SEM. *: P ≤ 0.05; **: P ≤ 0.01; ***: 
P ≤ 0.001; ****: P ≤ 0.0001 ns: P > 0.05, Not significant. All experi-
ments were performed in triplicate
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patients may derive greater benefit from immunotherapy. 
However, the predictive value of this signature for immuno-
therapy response needs to be verified through clinical trials. 
To facilitate clinical implementation, one potential approach 
is to assess the expression of m6A-FRGs via qPCR using 
postoperative tissue samples. This would enable individu-
alized prognostic prediction and allow clinicians to stratify 
patients based on their risk levels. For high-risk patients, 
more intensive follow-up strategies could be adopted to 
closely monitor disease progression and enable timely inter-
vention. This personalized approach could ultimately help 
refine treatment strategies and improve clinical outcomes in 
HCC patients. Second, while the current findings underscore 
the significance of ZFP69B in predicting prognosis for HCC 
patients, further studies are required to investigate its role 
in ferroptosis and the impact of m6A modification on its 
expression and function. Third, while the clinical relevance 
of ZFP69B as a prognostic marker has been established, 
additional validation involving ferroptosis-related pathways 
and m6A-mediated regulatory mechanisms is essential to 
strengthen the overall prognostic utility of the model.

Conclusion

Taken together, we explored the role of m6A-modified FRGs 
in the prognosis of HCC by a variety of bioinformatics anal-
yses. We developed and validated the prognostic m6A-FRGs 
model by LASSO. This model demonstrated good prognos-
tic accuracy for 1-, 3-, and 5-year survival in HCC patients, 
with AUC values of 0.76, 0.68, and 0.66 at 1-, 3-, and 5-year 
survival, respectively. External databases further validated 
that m6A-FRGs was an independent predictor for prognosis 
of HCC. This novel comprehensive m6A-FRGs signature 
suggests that the individualized treatment should be adopted 
for HCC patients with different status. On the other hand, 
the m6A-FRGs model also implies that a ferroptosis inhibi-
tor could synergize with m6A inhibitors to achieve better 
therapeutic outcomes. This comprehensive m6A-FRGs sig-
nature highlights the importance of individualized treatment 
approaches for HCC patients with varying clinical statuses. 
Furthermore, the key gene of m6A-FRGs, ZFP69B, inhi-
bition of which may provide a novel therapeutic target for 
ferroptosis- related treatments.

Fig. 9   Prognostic impact of 
ZFP69B expression status 
in liver cancer patients. A 
Representative images of 
ZFP69B expression in liver 
cancer samples from both high 
ZFP69B expression (n = 72) and 
low ZFP69B expression (n = 72) 
groups. B Patients with high 
expression of ZFP69B have a 
shorter overall survival (OS) 
period. C Patients with high 
expression of ZFP69B have a 
shorter Disease-free survival 
(DFS) period
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Fig. 10   Potential downstream genes of ZFP69B. A Volcano map. 
Differentially expressed genes between the two groups based on high 
and low expression of ZFP69B in 144 clinical samples. B Heatmap. 
The top ten genes (BTBD10, MDC1, DVL3, DCLRE1B, HNRNPR, 
SART3, CLSPN, EXO5, TCEANC2, and ZMYM1), selected based 
on the largest fold-change differences in the differentially expressed 
genes between the two groups, were identified by comparing high 
and low expression of ZFP69B in clinical samples. C After silenc-

ing ZFP69B in Huh7 cells, the expression changes of these potential 
downstream genes (BTBD10, MDC1, DVL3, DCLRE1B, HNRNPR, 
SART3, CLSPN, EXO5, TCEANC2, and ZMYM1) were observed. D 
Following the knockdown of ZFP69B in HepG2 cells, alterations in 
the expression levels of these potential downstream genes (BTBD10, 
MDC1, DVL3, DCLRE1B, HNRNPR, SART3, CLSPN, EXO5, 
TCEANC2, and ZMYM1) were detected
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