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Abstract 

Hepatocellular carcinoma (HCC), the most prevalent form of primary liver cancer, continues to pose 
significant clinical challenges globally. Enhancer of Zeste Homolog 2 (EZH2), a central component of the 
Polycomb Repressive Complex 2 (PRC2), possesses histone methyltransferase activity through its SET 
domain and is frequently overexpressed in various cancers. Nevertheless, the precise role and regulatory 
mechanisms of EZH2 in HCC remain inadequately defined. In this research, we evaluated the expression 
levels of EZH2 at the mRNA and protein stages in HCC samples and examined their correlation with 
clinical features and patient survival outcomes. Patients were categorized into early- and late-stage groups 
based on tumor grade. Our methylation analyses pinpointed two specific CpG sites within the EZH2 
gene, cg08558971 and cg18416251, which exhibited inverse methylation patterns between tumor stages. 
One patient subgroup displayed high methylation at cg08558971 during early-stage disease and reduced 
methylation at cg18416251 during late-stage disease, while another subgroup demonstrated the reverse 
pattern. Further pathway enrichment analysis suggested these methylation variations might influence 
enhanced T-cell differentiation and suppress metabolic pathways. Additionally, correlation analyses 
consistently linked EZH2 expression to genes involved in these immune and metabolic pathways. 
Collectively, our data propose that EZH2 could serve as a meaningful independent prognostic biomarker 
for HCC, regulated by stage-dependent epigenetic changes that may drive tumor progression by 
modulating immune response and cellular metabolism. 
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1. Introduction 
Hepatocellular carcinoma (HCC) is the 

predominant form of primary liver cancer, 
representing approximately 90% of cases globally [1]. 
Despite recent advancements in diagnostic methods 
and therapeutic interventions, HCC continues to be 
one of the deadliest gastrointestinal malignancies and 

poses a significant public health issue worldwide [2, 
3]. Major risk factors for HCC include chronic 
infections with hepatitis B and C viruses, exposure to 
aflatoxins, and non-alcoholic steatohepatitis (NASH), 
frequently associated with metabolic syndrome and 
type 2 diabetes mellitus [1, 4, 5]. Due to its 
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often-asymptomatic progression, HCC is usually 
diagnosed at advanced stages, substantially limiting 
the efficacy of curative treatments and consequently 
resulting in poor patient prognosis [1, 6]. 

In early-stage HCC, surgical resection and liver 
transplantation are primary curative options, with 
thermal ablation serving as an effective alternative, 
especially suitable for smaller tumors or patients at 
higher surgical risk [1]. For intermediate-stage 
disease, transarterial chemoembolization (TACE) 
remains the standard treatment approach. Recent 
developments in systemic therapies, such as 
multikinase inhibitors (e.g., sorafenib and lenvatinib) 
and immune checkpoint inhibitors (e.g., 
atezolizumab-bevacizumab and durvalumab- 
tremelimumab combinations), have significantly 
improved clinical outcomes in advanced HCC [7-9]. 
Nonetheless, therapeutic responses vary widely, 
largely due to the molecular heterogeneity of HCC 
and the immunosuppressive characteristics of the 
tumor microenvironment (TME) [10-14]. 

Enhancer of Zeste Homolog 2 (EZH2) is a critical 
constituent of the polycomb repressive complex 2 
(PRC2), catalyzing the trimethylation of histone H3 at 
lysine 27 to facilitate gene silencing [15, 16]. Aberrant 
expression of EZH2 correlates with unfavorable 
prognosis in several cancers by promoting epithelial–
mesenchymal transition (EMT), tumor progression, 
and metastasis [17-20]. EZH2 exerts its oncogenic 
effects by repressing tumor suppressor genes such as 
p21, p16, and KLF2 through histone and DNA 
methylation and by modulating the activities of 
non-histone proteins like STAT3 and NF-κB, 
depending on cellular context [21-30]. Additionally, 
EZH2 influences immune escape mechanisms by 
suppressing antigen presentation, boosting regulatory 
T-cell activity, and attracting immunosuppressive 
cells including myeloid-derived suppressor cells 
(MDSCs) and tumor-associated macrophages (TAMs) 
[31-33]. 

In this study, we aimed to investigate the clinical 
significance and epigenetic regulation of EZH2 in 
HCC. Analysis of clinical tumor samples 
demonstrated that elevated EZH2 expression 
correlated significantly with advanced disease stages 
and reduced patient survival. Importantly, 
methylation analysis identified two specific CpG sites 
within the EZH2 promoter, cg08558971 and 
cg18416251, showing distinct and inverse methylation 
patterns in early versus late stages of HCC. These sites 
appeared to be independently regulated during the 
disease progression. Gene co-expression analyses 
further indicated that genes associated with these 
methylation variations were significantly enriched in 
pathways related to Th1, Th2, and Th17 cell 

differentiation, whereas pathways associated with 
thermogenesis and peroxisomal metabolism were 
notably downregulated. These results collectively 
suggest that the epigenetic modulation of EZH2 may 
facilitate HCC progression by influencing critical 
immune and metabolic signaling pathways. 

2. Materials and Methods 
2.1 Patient cohorts 

The Liver Hepatocellular Carcinoma (LIHC) 
dataset was obtained from The Cancer Genome Atlas 
(TCGA) data portal (https://gdc.cancer.gov). A total 
of 421 cases from the TCGA-LIHC cohort, each with 
available clinical data and mRNA expression profiles, 
were included for subsequent analyses [34]. 

2.2. EZH2 expression and overall survival 
analysis by UALCAN and The Human Protein 
Atlas (HPA) 

The mRNA expression levels of EZH2 in solid 
normal tissues and hepatocellular carcinoma (HCC) 
samples from the TCGA-LIHC dataset were analyzed 
using the publicly available UALCAN web portal 
(https://ualcan.path.uab.edu/index.html) [35]. 
Transcripts per million (TPM) values were computed 
using an in-house PERL (Practical Extraction and 
Report Language) script. TPM was selected as the 
metric for quantifying gene expression due to its 
improved accuracy in cross-sample comparisons 
relative to other commonly used measures such as 
FPKM (Fragments Per Kilobase of transcript per 
Million mapped reads) and RPKM (Reads Per 
Kilobase of transcript per Million mapped reads). The 
dataset provides gene-level expression estimates 
using log₂ (x + 1)-transformed RSEM-normalized 
counts [36]. To evaluate the prognostic significance of 
EZH2 expression, HCC samples were stratified into 
two groups based on TPM values, high expression 
(TPM values above the upper quartile, n = 88) and 
low/medium expression (TPM values below the 
upper quartile, n = 277) [37] Kaplan–Meier survival 
analysis was subsequently performed to assess overall 
survival differences between these two groups. In 
addition, immunohistochemical (IHC) staining data 
for EZH2 in normal liver tissues and HCC tissues 
were obtained from The Human Protein Atlas (HPA; 
https://www.proteinatlas.org) to compare 
protein-level expression patterns [38]. 

2.3. Survival analysis using Cox proportional 
hazards model 

To evaluate the independent prognostic impact 
of EZH2 expression in hepatocellular carcinoma 
(HCC), a multivariate Cox proportional hazards 
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regression analysis was conducted. Covariates 
included in the model were age, sex, tumor grade, and 
EZH2 expression level. Patients with incomplete data 
for any of the variables were excluded from the 
analysis. Overall survival (OS) was defined as the 
interval from the date of diagnosis to the date of death 
or last follow-up. Hazard ratios (HRs) and 95% 
confidence intervals (CIs) were calculated, and 
statistical significance was defined as a two-sided 
p-value < 0.05. 

2.4. TIMER database to estimate 
tumor-infiltrating immune cells 

The TIMER database (Tumor Immune 
Estimation Resource; https://cistrome.shinyapps.io/ 
timer/), which contains gene expression profiles from 
10,897 samples across 32 cancer types obtained from 
The Cancer Genome Atlas (TCGA), was employed to 
estimate the infiltration levels of various immune cell 
types, including B cells, CD4⁺ T cells, CD8⁺ T cells, 
neutrophils, macrophages, and dendritic cells [39]. In 
this study, the gene of the TIMER platform was 
utilized to analyze the correlation between EZH2 
expression and the infiltration levels of these 
tumor-infiltrating immune cells in HCC samples. 

2.5. DNA methylation of the EZH2 gene 
DNA methylation data for the EZH2 gene were 

retrieved from the UALCAN database and the UCSC 
Xena web platform (https://xenabrowser.net) [36], 
based on the Illumina Infinium 
HumanMethylation450 BeadChip platform. The 
methylation levels of individual CpG sites within the 
EZH2 gene were analyzed according to tissue type 
(normal vs. tumor) and tumor grade (early vs. late 
stage). Methylation levels were represented as beta 
values ranging from 0 (completely unmethylated) to 1 
(completely methylated). Samples were stratified into 
high methylation (beta value above the upper 
quartile) and low methylation (beta value below the 
upper quartile) groups. Kaplan–Meier survival 
analysis was conducted to evaluate the association 
between EZH2 methylation status and overall 
survival in patients with early- and late-stage 
hepatocellular carcinoma. All statistical analyses and 
data visualizations were performed using RStudio. 

2.6. Gene ontology (GO), Kyoto Encyclopedia 
of Genes and Genomes (KEGG) and Gene Set 
Enrichment Analysis (GSEA) 

Computational analyses were conducted using 
GSEA software (version 4.3.2) and RStudio (version 
4.4.1) to evaluate the statistical significance of 
biological signaling pathways. Gene Set Enrichment 
Analysis (GSEA) was performed to classify genes 

based on their correlation with the methylation status 
of cg08558971 and cg18416251 in HCC samples. HCC 
samples were further stratified into early- and 
late-stage groups based on histological tumor grade, 
where Grade 1 and Grade 2 were classified as 
early-stage, and Grade 3 and Grade 4 were classified 
as late-stage. This classification reflects the commonly 
observed progression in tumor differentiation, with 
higher grades generally indicating more advanced 
disease and poorer prognosis [40, 41]. Each GSEA 
analysis was conducted with 1,000 permutations of 
gene sets to ensure robust enrichment statistics. 
Enriched pathways were ranked based on nominal 
p-values and normalized enrichment scores (NES), 
with a false discovery rate (FDR) < 0.05 considered 
statistically significant. To further investigate 
functional enrichment, Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses were performed using the 
clusterProfiler package in R. Two comparison groups 
were analyzed to identify shared signaling pathways 
associated with EZH2 methylation status, high 
methylation of cg08558971 in early-stage HCC 
combined with low methylation of cg18416251 in 
late-stage HCC, and low methylation of cg08558971 in 
early-stage HCC combined with high methylation of 
cg18416251 in late-stage HCC. Common genes 
involved in these pathways were identified to 
elucidate potential molecular mechanisms underlying 
EZH2-associated tumor progression. 

2.7. Statistical analysis  
All statistical analyses were performed using R 

software (version 4.4.1). The R packages utilized 
included survminer, forestplot, pheatmap, ggplot2, 
clusterProfiler, and enrichplot. A two-tailed p-value < 
0.05 was considered statistically significant. 

3. Results  
3.1. Elevated EZH2 expression is associated 
with unfavorable prognosis in HCC 

Using data from the TCGA-LIHC cohort 
accessed via the UALCAN platform, both mRNA and 
protein expression levels of EZH2 were found to be 
significantly elevated in hepatocellular carcinoma 
(HCC) tissues compared to normal liver tissues 
(Figure 1A and 1C). Immunohistochemical (IHC) 
analysis from the Human Protein Atlas further 
confirmed the increased EZH2 protein expression in 
tumor samples. Survival analysis indicated that high 
EZH2 expression was significantly associated with 
poorer overall prognosis in HCC patients (Figure 1B). 
In the multivariate Cox regression analysis, after 
adjusting for age, sex, tumor grade, and EZH2 
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expression levels, high EZH2 expression remained 
significantly associated with an increased risk of poor 
overall survival in HCC patients (Hazard ratio = 1.86, 
p = 0.0007) (Table 1). To further explore the potential 
involvement of EZH2 in tumor–immune interactions, 
we employed the TIMER database to assess 
correlations between EZH2 expression and immune 
cell infiltration in HCC. EZH2 expression was 
significantly and positively correlated with tumor 
purity (r = 0.177, p = 9.73 × 10⁻⁴), as well as with the 
infiltration levels of various immune cells, including B 
cells (r = 0.474, p = 1.24 × 10⁻²⁰), CD8⁺ T cells (r = 
0.284, p = 9.3 × 10⁻⁸), CD4⁺ T cells (r = 0.378, p = 3.84 × 
10⁻¹³), macrophages (r = 0.436, p = 3.22 × 10⁻¹⁷), 
neutrophils (r = 0.374, p = 7.02 × 10⁻¹³), and dendritic 
cells (DCs; r = 0.453, p = 1.38 × 10⁻¹⁸) (Figure 1D). 
These results suggest that EZH2 may contribute to 
HCC progression not only through its oncogenic 
overexpression but also via modulation of the tumor 

immune microenvironment. 

3.2. Promoter methylation of EZH2 is 
associated with advanced-stage HCC 

To investigate potential regulatory mechanisms 
of EZH2 expression, we analyzed the promoter 
methylation levels of EZH2 using the UALCAN 
platform. Although the methylation levels in the 
EZH2 promoter region were lower in HCC tissues 
compared to normal liver tissues, the difference was 
not statistically significant (Figure 2A). However, 
when HCC patients were stratified by tumor grade, a 
significant decrease in EZH2 promoter methylation 
was observed in advanced-stage tumors (Figure 2B). 
These findings suggest that promoter 
hypomethylation may contribute to the upregulation 
of EZH2 expression in advanced-stage HCC. 

 

 
Figure 1. EZH2 mRNA and protein expression levels are elevated in tumor tissues and associated with poor survival and immune cell infiltration in hepatocellular carcinoma 
(HCC). (A) EZH2 mRNA expression levels are significantly higher in HCC tissues (n = 371) compared to normal liver tissues (n = 50), as analyzed using the UALCAN database 
(https://ualcan.path.uab.edu). (B) Kaplan–Meier survival analysis demonstrates poorer overall survival in HCC patients with high EZH2 expression (red) compared to those with 
low expression (blue). (C) Immunohistochemical staining shows elevated EZH2 protein expression in HCC tissues compared to normal liver tissues, based on data from The 
Human Protein Atlas (HPA; https://www.proteinatlas.org). (D) Correlation between EZH2 expression and the infiltration levels of immune cells in HCC was analyzed using the 
TIMER database, based on TCGA-LIHC data. Data are presented as mean ± SD. ***p < 0.001. 

 

Table 1. Multivariate Cox regression analysis of clinicopathological features with OS in the TCGA datasets.  
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Figure 2. Promoter methylation levels of EZH2 are reduced in advanced tumor grades. (A) Promoter methylation levels of EZH2 show no significant differences between 
normal and tumor tissues when categorized by sample type. (B) Promoter methylation levels of EZH2 are significantly decreased in higher tumor grades (Grade 3 and Grade 4) 
compared to normal tissue. Data are presented as mean ± SD. **p < 0.01; *p < 0.05. 

 

Table 2. Prognostic of single CpG sites in the EZH2 gene family across different stages of LIHC using the HumanMethylation450 platform 

 
 

3.3. Inverse methylation patterns of 
cg08558971 and cg18416251 across HCC stages 
and association with patient prognosis 

To further explore the epigenetic regulation of 
EZH2 in HCC, we analyzed individual CpG 
methylation sites across HCC samples. A heatmap 
was generated to visualize the clustering patterns and 
methylation levels of EZH2-associated CpG sites in 
tumor samples (Figure 3A). For stage classification, 
tumor grades 1 and 2 were defined as early-stage, 
while grades 3 and 4 were classified as late-stage. Bar 
plots demonstrated differential methylation levels of 
specific CpG sites between early- and late-stage 
tumors (Figure 3B). Survival analysis was conducted 
by stratifying patients into high and low methylation 
groups for each stage, revealing distinct associations 
between methylation levels and clinical outcomes 
(Figure 3C–D, Table 2). Notably, we observed an 
inverse correlation between methylation at 
cg08558971 in early-stage and cg18416251 in late-stage 
HCC. Collectively, these findings suggest that 
cg08558971 and cg18416251, two CpG sites located 
within the EZH2 gene, may have stage-specific 
epigenetic associations with EZH2 expression and 
contribute to the molecular landscape of HCC 

development and progression. 

3.4. Consistent inverse methylation 
correlation of cg08558971 and cg18416251 in 
overall, early-, and late-stage HCC 

To evaluate the methylation correlation between 
cg08558971 and cg18416251, we performed Pearson 
correlation analyses across overall, early-stage, and 
late-stage HCC samples. The results consistently 
demonstrated a statistically significant negative 
correlation between the two CpG sites. These findings 
suggest a potential inverse regulatory relationship 
between cg08558971 and cg18416251, implicating 
their involvement in critical signaling pathways 
associated with HCC progression. 

3.5. Inverse enrichment of immune and 
metabolic pathways by methylation status of 
cg08558971 and cg18416251 

To explore a potential inverse regulatory 
relationship between cg08558971 and cg18416251 in 
pathway involvement, we performed Gene Set 
Enrichment Analysis (GSEA) comparing early- and 
late-stage samples stratified by the methylation status 
of these two CpG sites. The results revealed distinct 
and opposing enrichment patterns, immune-related 
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signaling pathways were enriched in samples with 
high methylation at cg08558971 and low methylation 
at cg18416251, whereas metabolic-related pathways 
were predominantly enriched in samples with low 
methylation at cg08558971 and high methylation at 

cg18416251. These findings suggest that cg08558971 
and cg18416251 may play reciprocal roles in 
regulating immune and metabolic signaling during 
disease progression. 

 

 
Figure 3. Inverse correlation of CpG sites cg08558971 and cg18416251 between early- and late-stage HCC and their prognostic significance. (A) Heatmap showing the 
promoter methylation levels of the EZH2 gene across HCC samples. (B) Differential methylation levels of individual CpG sites within the EZH2 promoter region. (C–D) Kaplan–
Meier survival analysis illustrating the prognostic value of CpG sites cg08558971 and cg18416251 in HCC. Statistical significance was determined using the log-rank test, with p 
< 0.05 considered significant. 



Int. J. Med. Sci. 2025, Vol. 22 

 
https://www.medsci.org 

4207 

 
Figure 4. Negative correlation between cg08558971 and cg18416251 in HCC, consistent across overall, early-stage, and late-stage comparisons. Methylation levels of 
cg08558971 and cg18416251 exhibit a significant inverse correlation, regardless of disease stage. Data are presented as mean ± SD. ***p < 0.001; **p < 0.01. 

 
Figure 5. Gene sets and pathways enriched according to the methylation status of cg08558971 and cg18416251, revealing inverse associations with immune- and 
metabolism-related signaling. Gene Set Enrichment Analysis (GSEA) identified significantly enriched signaling pathways associated with differential methylation of cg08558971 and 
cg18416251. (A–B) Enriched pathways in high and low methylation groups of cg08558971. (C–D) Enriched pathways in high and low methylation groups of cg18416251. 
Significantly enriched pathways were determined using a nominal p-value < 0.05. 

 

3.6. Shared genes reflect T cell differentiation 
and metabolic pathways across opposing 
methylation patterns 

We investigated genes commonly associated 
with two inverse DNA methylation patterns, one 
characterized by high methylation at cg08558971 and 
low methylation at cg18416251, and the other 
showing the opposite trend. A total of 40 genes were 
identified as commonly associated with the first 
pattern, while 43 genes were shared in the second 
pattern (Figure 6A-B). Subsequent Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analyses revealed that genes in the 
first pattern were enriched in immune-related 
pathways, particularly T helper cell differentiation 
pathways including Th1, Th2, and Th17 cell 
differentiation. In contrast, genes associated with the 
second pattern were predominantly enriched in 
metabolic pathways, such as thermogenesis and 
peroxisome function (Figure 6C-F). These findings 
suggest that the two opposing methylation patterns 
may influence tumor development through distinct 
biological processes, specifically immune regulation 
and metabolic modulation. 
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Figure 6. Common expression genes and enriched signaling pathways associated with differential methylation patterns of cg08558971 and cg18416251 across tumor stages. (A–
B) Venn diagrams illustrating the overlap of common and differentially expressed genes (DEGs) between two methylation transitions that one is high methylation of cg08558971 
in early-stage tumors and low methylation of cg18416251 in late-stage tumors (A), and the other is low methylation of cg08558971 in early-stage tumors and high methylation 
of cg18416251 in late-stage tumors (B). (C–D) Gene Ontology (GO) enrichment analysis of common expression genes identified in the transitions described in (A–B). Genes 
were significantly enriched in immune-related (C) and metabolism-related pathways (D). (E–F) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis 
of common expression genes from both transitions. Genes also showed predominant enrichment in immune-related (E) and metabolism-related (F) signaling pathways. 
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Figure 7. Immune-related genes positively correlated with EZH2 expression. Advanced analysis revealed that genes enriched in immune-related signaling pathways are positively 
correlated with EZH2 expression. These genes are primarily involved in T cell differentiation, particularly in Th17 cell differentiation. Statistical significance is indicated as follows, 
***p < 0.001; **p < 0.01; *p < 0.05. 

 
3.7. Association of EZH2 expression with 
enhanced T cell differentiation and suppressed 
metabolic pathways 

To identify potential genes regulated by EZH2 
that are involved in T cell differentiation and 
metabolic processes, we performed a correlation 
analysis between gene expression profiles and EZH2 
expression. The results revealed a positive correlation 
between EZH2 expression and genes involved in T 
cell differentiation, particularly IL1B, a key gene 
associated with Th17 cell differentiation (Figure 7). In 
contrast, EZH2 expression was negatively correlated 
with genes related to peroxisome function and 
thermogenesis (Figure 8). These findings suggest that 
EZH2 may promote Th17 cell development and 
related immune responses, while simultaneously 
repressing metabolic processes such as peroxisome 
activity and thermogenesis, potentially influencing 
tumor progression. 

4. Discussion 
EZH2 is widely recognized as an oncogenic 

factor, characterized by its SET domain that facilitates 
trimethylation of histone H3 at lysine 27, a histone 
modification crucial for chromatin remodeling and 
gene silencing. Aberrant EZH2 expression has been 

associated with increased malignancy and poor 
prognosis in various cancers [42]. Although the 
involvement of EZH2 in HCC has been previously 
reported, the underlying epigenetic regulatory 
mechanisms and key signaling pathways associated 
with its role in HCC progression remain incompletely 
understood. In our present study, we confirmed 
elevated EZH2 expression in HCC tissues, 
highlighting its significant association with adverse 
clinical outcomes. Further investigation into 
methylation patterns at specific CpG sites within the 
EZH2 promoter, cg08558971 and cg18416251, 
revealed distinct and inverse methylation profiles at 
different tumor stages, each significantly linked to 
overall survival. cg08558971 (promoter) and 
cg18416251 (intron 1) occupy distinct regulatory 
contexts. Promoter hypermethylation at cg08558971 
could silence an upstream antisense element, 
indirectly fostering oncogenic signaling, whereas 
gene-body hypomethylation at cg18416251 is 
compatible with transcriptional up-regulation of 
EZH2 in advanced disease [43, 44]. This 
stage-dependent switch reconciles the seemingly 
paradoxical association of both CpGs with poor 
survival. Specifically, hypermethylation at cg08558971 
in early-stage HCC was associated with poorer 
prognosis, whereas hypomethylation at cg18416251 in 
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late-stage tumors correlated with unfavorable 
outcomes, indicating stage-specific epigenetic 
regulatory mechanisms. GSEA revealed that these 
differential methylation states influenced 
immune-related pathways in one direction and 
metabolic pathways in the opposite. GO and KEGG 
analyses further identified that genes co-expressed 
with these methylation patterns were notably 
enriched in T-cell differentiation pathways, 

peroxisomal functions, and thermogenesis processes. 
Correlation analysis also showed that EZH2 
expression was positively associated with genes 
related to Th17 cell differentiation and negatively 
associated with genes involved in peroxisomal 
activity and thermogenesis, suggesting that EZH2 
may regulate the tumor microenvironment by 
modulating immune and metabolic pathways, 
thereby contributing to HCC progression. 

 
 

 
Figure 8. Metabolism-related genes negatively correlated with EZH2 expression. Advanced analysis demonstrated that genes enriched in metabolism-related signaling pathways 
are negatively correlated with EZH2 expression, especially those involved in peroxisome function and thermogenesis. Statistical significance is denoted as follows, ***p < 0.001; 
**p < 0.01; *p < 0.05. 
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Recent studies have suggested that EZH2 may 
promote tumor immune evasion by inducing the 
release of immunosuppressive cytokines and 
chemokines from tumor cells [45]. Our analysis 
further proposes a possible connection between 
EZH2-related methylation patterns and T-cell 
differentiation, highlighting IL1B as a potential 
mediator. IL-1β is known to promote the 
differentiation and expansion of Th17 cells, which in 
turn can enhance tumor growth, angiogenesis, and 
metastasis [46-49]. Th17 cells may display 
anti-tumour properties in selected settings [50], 
chronic hepatic inflammation skews them towards a 
pathogenic phenotype. High IL-17/IL-17RE levels 
independently predict early recurrence and poor 
survival in HCC [51]. Consistently, EZH2-high 
tumours in our cohort exhibit an 
IL-1β/RORC-dominated Th17 signature that likely 
fosters tumour progression. Moreover, Th17 cells 
secrete cytokines such as IL-17A and IL-22, which 
contribute to tumor proliferation and 
immunosuppression [50]. On the other hand, we also 
observed diminished activity of metabolic pathways, 
notably peroxisomal function and thermogenesis, in 
samples exhibiting higher EZH2 expression. 
Peroxisomes play pivotal roles in lipid metabolism 
and oxidative balance, and their dysfunction has been 
implicated in cancer development, possibly via 
mechanisms involving HIF-2α activation [52-56]. 
Although peroxisomes have received less attention 
than mitochondria in cancer research, their role in 
liver cancer warrants further investigation. 
Thermogenesis, an energy-expending process 
primarily driven by beige and brown adipocytes, has 
been shown to alleviate hepatic inflammation and 
prevent the progression of non-alcoholic fatty liver 
disease (NAFLD) to HCC [57-59]. Recent studies 
indicate that cold-induced thermogenesis may inhibit 
tumor growth by restricting glucose availability [60], 
suggesting that targeting thermogenic pathways 
could represent an innovative therapeutic approach. 
Our data show that high EZH2 is associated with 
suppression of peroxisome-related and thermogenic 
pathways, suggesting a shift from oxidative 
metabolism to glycolysis and lipid storage. This 
metabolic reprogramming can profoundly impact the 
tumor–immune microenvironment. Enhanced 
glycolysis in EZH2-high tumors not only accelerates 
lactate production and acidification of the TME but 
also results in competition with immune cells for 
nutrients (glucose, amino acids), effectively starving 
tumor-infiltrating lymphocytes [61]. The lactate-rich, 
oxygen-poor milieu preferentially impairs effector 
T-cell function and proliferation, while favoring 
immunosuppressive cells such as M2-polarized 

macrophages and regulatory T cells. Concurrently, 
EZH2-mediated downregulation of peroxisomal 
β-oxidation may lead to accumulation of fatty acids 
and lipid droplets. Excess lipids in the TME can be 
taken up by dendritic cells and macrophages, driving 
them toward a lipid-laden, immunosuppressive state 
[62]. Lipid-accumulated antigen-presenting cells have 
diminished capacity to prime anti-tumor T cells, and 
lipid-conditioned TAMs secrete factors (e.g., IL-6, 
TGF-β) that further dampen T-cell immunity. 
Moreover, the reduction in peroxisomal oxidative 
metabolism could exacerbate intracellular oxidative 
stress; high levels of ROS in the TME are known to 
inhibit T-cell responses and promote the expansion of 
suppressive myeloid cells [63]. Consistent with these 
mechanisms, EZH2 has been implicated in multiple 
immune-evasive programs. Notably, EZH2 can 
epigenetically enforce the “Warburg” metabolic 
phenotype – for example, in glioma and liver cancer 
cells, EZH2 activation of HIF-1α and repression of 
mitochondrial regulators enhance glycolysis and 
lactate output [64]. EZH2 also aids tumors in 
co-opting immune suppression via cytokine 
networks; a recent study in HCC demonstrated that 
EZH2, through cooperation with NF-κB, upregulates 
IL-6, driving MDSC accumulation and T-cell 
suppression [65]. Taken together, these findings 
support a model in which EZH2-induced metabolic 
alterations, including heightened glycolysis, altered 
lipid metabolism, and impaired oxidative 
detoxification, collectively contribute to an immune 
privileged microenvironment that enables HCC to 
escape immune surveillance. However, the interaction 
between thermogenic adipocytes and HCC remains 
largely uncharacterized. 

Despite these findings, our study has several 
limitations. First, the conclusions are based primarily 
on bioinformatic analyses, and the proposed 
mechanisms require further experimental validation. 
Second, it remains unclear whether the identified 
CpG sites are located within transcription factor 
binding regions of the EZH2 promoter or directly 
influence EZH2 expression. Lastly, the downstream 
genes and molecular mechanisms regulated by EZH2 
have yet to be functionally verified. Future in vitro 
and in vivo studies are necessary to delineate the 
precise role of EZH2 in HCC development and to 
evaluate its potential as a therapeutic target. 
Collectively, our study demonstrates that EZH2 
overexpression is associated with poor prognosis in 
HCC and is closely linked to immunometabolic 
regulation. We identified two CpG methylation sites 
with opposite patterns at different tumor stages, 
which may jointly contribute to HCC progression 
through modulation of T cell differentiation and 
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metabolic reprogramming. These findings provide 
important insights into the epigenetic regulatory 
mechanisms of EZH2 and offer a foundation for 
future investigations into precision therapeutic 
strategies targeting the tumor microenvironment in 
HCC. 

5. Conclusions  
EZH2 may serve as an independent prognostic 

biomarker in HCC, with its expression associated 
with inverse methylation patterns at specific CpG 
sites, cg08558971 and cg18416251 across different 
tumor stages. These methylation alterations may 
influence T cell differentiation and metabolic 
pathways, suggesting that EZH2 expression is 
regulated by epigenetic mechanisms during HCC 
progression and may play a critical role in tumor 
development. 
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