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However, after rectifying the batch effects, the data-
sets exhibited a more homogeneous distribution in the 
PCA-reduced space, indicating successful mitigation 
of batch effect influences on the gene expression pro-
files (Supplementary Figure 1b). Applying a threshold of 
|log2FC| > 0.5 and a P-value < .05, we discerned 3286 
DEGs between HCC and normal samples across the 3 
datasets, with 1953 up-regulated and 1333 down-reg-
ulated. Their corresponding volcano plots and heatmap 
are illustrated in Figure 1a and b. Following the PCA anal-
ysis of DEGs, we identified a pronounced differentiation 
in clustering patterns between HCC and normal samples 
(Figure 1c).

Identification of Liquid–Liquid Phase Separation and 
Ferroptosis-Related Differentially Expressed Genes in 
Hepatocellular Carcinoma
We extracted 3773 LLPS-related genes from the DrLLPS 
and PhaSepDB databases. Additionally, 396 ferroptosis-
related genes were sourced from the FerrDb database. A 

total of 24 common DEGs were determined among the 
HCC-related DEGs, LLPS-related genes, and ferroptosis-
related genes (Figure 2a). From the 24 genes we identi-
fied, 9 act as ferroptosis-driving regulatory factors and 
15 function as ferroptosis-inhibitory regulatory factors 
(Figure 2b). Furthermore, we investigated the Pearson 
correlation between these genes (Figure 2c).

PPI Network Construction and Hub Genes Identification
The STRING database was employed to construct a PPI 
network, illustrating the salient interactions between 
proteins encoded by commonly identified DEGs. This 
PPI network, visualized using Cytoscape, comprised 
41 nodes (Figure 3). Within this network, 21 out of the 
24 pinpointed intersecting genes were included, while 
another 20 genes were predicted to potentially interact 
with different proteins therein. The central 15 hub genes 
identified were PARP1, CDKN2A, EZH2, AR, NRAS, TSC1, 
SQSTM1, RPTOR, SUV39H1, RPL8, NDRG1, LIG3, HSPB1, 
AHCY, and G6PD.

Figure 1.  Differential expression analysis in HCC vs. normal samples. 
(a) Volcano plots highlighting the 3286 DEGs based on a threshold of 
|log2FC| > .5 and P-value < .05. (b) Heatmap depicting expression 
patterns of identified DEGs. (c) PCA analysis illustrating clear 
clustering differentiation of DEGs between HCC and normal samples. 

Figure  2.  Identification of LLPS and ferroptosis-related DEGs in 
HCC. (a) Venn diagram showing the 24 common DEGs from HCC-
DEGs, LLPS-related, and ferroptosis-related genes. (b) Sankey 
diagram categorizing 24 genes into 9 ferroptosis-driving and 15 
ferroptosis-inhibitory regulatory factors. (c) Heatmap of Pearson 
correlation coefficients between the identified genes (*P < .05).
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Development of a Diagnostic Model
According to the 15 hub genes derived from the PPI net-
work, we applied the LASSO regression analysis for optimal 

feature selection (Figure 4a). This led to the formulation 
of a diagnostic model consisting of 5 hub genes: EZH2, 
HSPB1, NRAS, RPL8, and SUV39H1. We developed a diag-
nostic prediction model based on the following formula: 
prediction probability = 16.56 − 0.07*EZH2 − 0.81*HSPB1 
− 0.05*NRAS − 0.39*RPL8 − 0.36*SUV39H1. To prevent 
overfitting, we allocated 60% of the dataset samples to 
the training set and evaluated the classification efficacy of 
the model on the subsequent 40% as an internal validation 
set. The diagnostic model exhibited areas under the ROC 
curve of 0.963 for the training set, 0.938 for the internal 
validation set, and 0.917 for the external validation set 
(GSE76427) (Figure 4b). Herein, the samples were divided 
into HCC and control groups with the optimal threshold of 
0.468 in the training set, and the accuracy, recall sensitiv-
ity, precision, and specificity values were 0.9423, 0.9524, 
0.9091, and 0.9355, respectively; in the internal validation 
set, the samples were divided into HCC and control groups 
with the optimal threshold of 0.512, and the accuracy, recall 
sensitivity, precision, and specificity values were 0.9077, 
0.8077, 0.9545, and 0.9744, respectively; the samples 
were divided into HCC and control groups with the optimal 
threshold of 0.094 in the external validation set, and the 
accuracy, recall sensitivity, precision, and specificity values 
were 0.8683, 0.8077, 0.7778, and 0.8957, respectively.

Independent Prognostic Value of 5 Signature Markers
From the KM survival analysis related to the 5 marker genes, 
it was observed that patients displaying lower expression 

Figure  3.  PPI network construction and hub gene identification. 
Within the network, genes from the 24 intersecting set are 
represented as circular nodes. Key genes, ranked by degree centrality, 
are highlighted in orange (top 15), while the remaining genes in this 
set are depicted in green. Genes predicted to have novel interactions 
are shown as square nodes.

Figure 4.  Development and evaluation of the prognostic model. (a) LASSO coefficient profiles of the 15 hub genes. (b) ROC curves for the 
training set (AUC = 0.963), internal validation set (AUC = 0.938) and external validation set (GSE76427) (AUC = 0.917).
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levels of these genes consistently manifested higher survival 
rates in comparison to those with higher expression (P < .05, 
Figure 5a). This finding underscores the potential utility of 
these 5 markers (EZH2, HSPB1, NRAS, RPL8, and SUV39H1) 
as valuable prognostic tools for predicting disease outcomes. 
The expression levels of the 5 prognostic genes were deter-
mined using RT‒qPCR in normal THLE-3 cells and HCC cell 
lines (HepG2, Huh7, and Hep3B). As depicted in Figure 5b, 
there was a significant overexpression of EZH2, HSPB1, 
NRAS, RPL8, and SUV39H1 in HCC cells (P <  .01).

NRAS Promotes Carcinogenesis of Hepatocellular 
Carcinoma Cells and Inhibits Ferroptosis
To analyze the effect of the 5 genes in HCC, in vitro experi-
ments were conducted. Compared to other genes, NRAS 

has the highest expression level in HepG2 cells (Figure 5b). 
Thus, NRAS and HepG2 were chosen for further study. 
To observe the effect of NRAS, the lentiviral vector of 
NRAS (si-NRAS) was constructed and transfected into 
HepG2 cells, and the transfection efficiency was detected 
by RT-qPCR (Figure 6a). Cell Counting Kit 8 assay and 
Transwell assay indicated that NRAS downregulation sig-
nificantly inhibited HepG2 cell proliferation and migration 
(P < .01, Figure 6b and c). In addition, Fe2+ content and ROS 
levels were both significantly increased in the si-NRAS 
group when compared to those in the si-NC group (P < .01, 
Figure 6d and f), while opposite results were observed in 
GSH content and protein level of GPX4 (Figure 6e and g). 
These results demonstrated that NRAS promotes carcino-
genesis of HCC cells and inhibits ferroptosis.

Figure 5.  Prognostic significance and expression analysis of the 5 marker genes. (a) Kaplan-Meier survival curves comparing survival rates of 
patients based on gene expression levels. (b) The relative mRNA expression of EZH2, HSPB1, NRAS, RPL8, and SUV39H1 in HCC cell lines 
(HepG2, Huh7, and Hep3B) versus normal THLE-3 cells assessed via RT-qPCR (**P  <  .01).
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DISCUSSION
Liquid–liquid phase separation is pivotal in regulating the 
hallmarks of cancer, and previous studies have highlighted 
its significant role in the onset and progression of cancers, 
including HCC.29,30 However, the specific functions of LLPS 
in cancer remain elusive. Studies have shown that LLPS 
malfunction is instrumental in the anomalous accumula-
tion of proteins such as α-syn and tau, and its interplay 
with iron metabolic imbalances is pivotal in driving ferrop-
tosis.14 Ferroptosis, an iron-dependent form of regulated 
cell death, has recently emerged as a promising therapeu-
tic approach to target cancer cells, especially those resis-
tant to conventional treatments.31-33 Given that 81.7% of 
ferroptosis-related genes were differentially expressed in 
HCC, targeting ferroptosis could be a therapeutic strategy 
for HCC.20 Consequently, pinpointing LLPS and ferropto-
sis-associated biomarkers could yield significant insights 
into assessing the prognostic outcomes for HCC patients. 
In this study, we concentrated on HCC, delving into LLPS 
and ferroptosis-related patterns to deepen our compre-
hension of their roles in HCC pathogenesis. We estab-
lished a 5-LLPS and ferroptosis genes-based diagnostic 
model for the prediction of patients with HCC.

The 5-gene diagnostic model we constructed encom-
passes EZH2, HSPB1, NRAS, RPL8, and SUV39H1. EZH2 
belongs to the polycomb group gene family, pivotal epi-
genetic regulators known for repressing transcription.34 
Wei et  al35 observed an elevated expression of EZH2 in 

human HCC and mouse hepatoma tissues compared 
to their non-tumor counterparts. In line with this, we 
found that EZH2 expression was elevated in HCC cells. 
Furthermore, HCC patients with heightened EZH2 
expression exhibited reduced survival rates. HSPB1, also 
known as HSP27, is a member of the small HSP fam-
ily and has been shown to promote HCC metastasis via 
the Akt signaling pathway, potentially serving as a pre-
dictor for HCC patient outcomes.36 Additionally, HSPB1 
has been identified as a negative regulator of ferroptosis, 
acting by reducing iron-mediated lipid ROS generation.37 
Our analysis revealed that HSPB1 is also an LLPS-related 
DEG in HCC, underscoring its pivotal role in regulating 
both LLPS and ferroptosis within HCC. Overexpression of 
RPL8 enhances cell growth, mobility, and glycolytic activ-
ity in HCC.38 SUV39H1, a methyltransferase, utilizes SAM 
to drive H3K9me3 modification, suppressing the onco-
gene S100A11, leading to enhanced HCC progression.39 
In addition, an upregulation of SUV39H1 was evident in 
both HBV-infected humanized mouse livers and clinical 
tissues of HBV-related HCC.40 We additionally noted an 
elevated expression of SUV39H1 in HCC cells, correlating 
with poorer survival outcomes in HCC patients. Besides, 
an RNA-seq analysis suggested that NRAS, as a potential 
target of TRERNA1, mediates certain aspects of hepa-
tocellular carcinogenesis.41 Analysis of immune infiltra-
tion indicates a positive correlation between NRAS and 
the presence of CD68+ tumor-associated macrophages 
in HCC samples, with NRAS being linked to unfavorable 

Figure 6.  NRAS promotes carcinogenesis of HCC cells and inhibits ferroptosis. (a) Transfection efficiency was detected by RT-qPCR. (b) 
CCK8 assay detected HepG2 cell proliferation. (c) Transwell assay detected HepG2 cells migration. Fe2+ content (d) and GSH content (e) 
were efficiency was detected by RT-qPCR. (b) CCK8 assay detected HepG2 cell proliferation. (c) Transwell assay detected HepG2 cells 
migration. Fe2+ content (d) and GSH content (e) were detected. (f) ROS level was analyzed using flow cytometry. (g) Protein level of GPX4 
was detected using western blot assay. **P  < .01.
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HCC outcomes.42 These results suggested that these 
5 genes may influence tumor progression by regulat-
ing LLPS and ferroptosis in HCC. Moreover, to analyze 
the effect of these 5 genes in HCC, in vitro experiments 
were conducted. Compared to other genes, NRAS has the 
highest expression level in HepG2 cells. Thus, NRAS and 
HepG2 were chosen for further study. The results found 
that NRAS downregulation significantly inhibited HepG2 
cells proliferation and migration. In addition, Fe2+ content 
and ROS levels were both significantly increased in the si-
NRAS group when compared to those in the si-NC group, 
while opposite results were observed for the protein level 
of GPX4 and GSH. These results demonstrated that 
NRAS promotes carcinogenesis of HCC cells and inhib-
its ferroptosis, which were consistent with bioinformatics 
analysis. However, the functions of the other 4 genes still 
need to be verified.

In both the training set, internal validation set, and exter-
nal validation set (GSE76427), the diagnostic model 
demonstrated AUCs of 0.963, 0.938, and 0.917, respec-
tively, exhibiting high sensitivity and specificity. In addi-
tion, survival curves indicated that higher expression of 
these 5 genes was associated with a poorer prognosis 
compared to lower expression. Moreover, we confirmed 
the expression levels of these 5 genes in HCC cell lines 
and normal cells using RT-qPCR. We found that all these 
5 genes (EZH2, HSPB1, NRAS, RPL8, and SUV39H1) had 
higher expression levels in HCC cells, which were consis-
tent with the results of survival analysis. These findings 
underscore the significant biological functions of these 
genes in HCC, related to LLPS and ferroptosis. Moreover, 
all validation outcomes affirm the accuracy and credibility 
of our constructed diagnostic model, which may be use-
ful to guide the diagnosis of HCC in clinical applications. 
However, this diagnostic model might not be a useful tool 
to assess all patients with HCC because of the differ-
ent etiology, disease stage, or treatment history of HCC 
patients. Thus, further in-depth research is needed to 
incorporate different conditions of HCC patients to ver-
ify the predictive performance of the diagnostic model. 
Moreover, a recent study highlighted the emerging role of 
prognostic markers to better select the systemic treat-
ment for HCC.43 Quan et  al44 found that loss of EZH2 
confers resistance to tyrosine kinase inhibitors in non-
small cell lung cancer. Musiani et  al45 illustrated that as 
HSPB1 increase impairs the effectiveness of EGFR inhibi-
tors and is known to protect cells from chemotherapeu-
tics, the induction of HSPB1 by targeted agents might 
strongly affect the success of combination treatments. 
Treatment outcomes for NRAS-mutated and NRAS-wild 

type patients were investigated in 2 retrospective trials 
for MEK inhibitor and/or immune checkpoint inhibitors 
showing modest improvement.46,47 Thus, these 5 genes 
identified in this study might help to select the systemic 
treatment for HCC patients.

Our study has several limitations. Firstly, being retro-
spective, its findings might not carry the same weight as 
those from prospective studies. Furthermore, the modest 
sample size of both the training and validation datasets 
could introduce potential deviations. In addition, HCC is 
a biologically heterogeneous cancer (e.g., differences in 
etiology, disease stage, or treatment history); thus, the 
samples included in this study might affect the results 
obtained. To solidify our conclusions, more in vivo and in 
vitro experiments focusing on LLPS and ferroptosis genes 
in HCC are warranted.

We developed a unique 5-gene diagnostic model for HCC 
based on LLPS and ferroptosis-related genes, distin-
guishing it from previous signatures. To our knowledge, 
this is the inaugural effort to combine LLPS with ferrop-
tosis genes in forecasting HCC patient outcomes. This 
signature underscores the therapeutic potential of tar-
geting both LLPS and ferroptosis in cancer interventions. 
Additionally, our work hints at a potential link between 
LLPS and ferroptosis, paving the way for clearer insights 
into their combined impact on HCC prognosis.
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Supplementary Figure 1.  liquid-liquid phase separation (LLPS). Whereas entropy typically drives molecules to become dispersed in solution, 
mutual interactions among a subset of molecules can shift the free-energy landscape to favor demixing and drive the formation of a separate 
condensed phase.

Supplementary Figure 2.  PCA dimensionality reduction of 3 HCC-GEO datasets (GSE45267, GSE65372, and GSE84402). (A) Before data 
integration, pronounced batch effects are shown. (B) After batch effect correction, a homogenized distribution is demonstrated.


