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Aim: The aim of the present study was to identify the association between tumor grade and 
liquid–liquid phase separation (LLPS)-related genes, and to generate a LLPS-related gene- 
based risk index (LLPSRI) as a prognostic tool for hepatocellular carcinoma (HCC).
Methods: Weighted gene correlation network analysis was performed to test whether the 
LLPS-related gene modules were associated with tumor grade of HCC. The candidate 
modules were subjected to functional enrichment analysis. We generated a LLPSRI using 
the expression profiles of the hub genes among the candidate modules in order to identify 
patients at high risk. Then, the biological characteristics of the high-risk patients were 
revealed using gene set enrichment analysis. Additionally, an independent external data set 
was used to validate the LLPSRI.
Results: Four gene modules showed a significant positive correlation with tumor grade and 
involved various cancer-related pathways. Among the hub genes, six were selected to 
generate the LLPSRI, which was significantly associated with prognosis of HCC patients. 
The LLPSRI could successfully divide patients with HCC into high- and low-risk groups, 
and patients in the high-risk group showed shorter overall survival than those in the low-risk 
group. E2F, MYC, and mTORC1 signaling may be important determinants of survival in the 
high-risk group. The prognostic value of the LLPSRI was validated with the independent 
external data set.
Conclusion: We identified LLPS-related gene modules that are associated with HCC tumor 
grade. The LLPSRI may be useful as a prognostic marker of HCC, and it may reliably 
stratify patients into groups at low or high risk of worse survival. Our analysis also suggests 
that certain biological characteristics of HCC may be associated with high risk of worse 
survival.
Keywords: hepatocellular carcinoma, liquid–liquid phase separation, WGCNA, prognostic 
biomarker

Introduction
Hepatocellular carcinoma (HCC) is the most common type of malignant tumor, and it is 
a global health challenge whose incidence is growing worldwide.1,2 Infection with 
hepatitis B virus (HBV) or hepatitis C virus (HCV) as well as cirrhosis are considered 
risk factors for HCC development.3 Our understanding of the pathophysiology of HCC 
has improved in recent decades, but this knowledge has yet to be translated into clinical 
practice. Novel concepts are required to reveal the complex mechanisms underlying 
this disease. In recent years, liquid–liquid phase separation (LLPS) has emerged as 
a new concept to explain how cells perform their vital functions.4 LLPS refers to the 
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generation of membraneless intracellular condensates where 
essential processes occur, including chromatin organization, 
X-chromosome inactivation, transcription, DNA damage 
response, autophagy, and tumorigenesis.5–7 Aberrant LLPS 
is associated with various diseases, including cancer.8–11 For 
example, LLPS underlies the formation of nucleoli, whose 
morphology is considered an indicator of tumor malignancy 
and differentiation.12 Numerous genes encoding proteins or 
RNA have been implicated in LLPS.9 The field of LLPS- 
mediated regulation of biological processes is still in an early 
stage, and much more needs to be learned about the mole-
cular mechanisms involved and what they mean for cells and 
organisms.

At the same time, HCC is a highly heterogeneous 
disease,3 and certain patients with early-stage disease may 
be at higher risk of worse survival. A “one-size-fits-all” 
method to predict patients prognosis is unreliable, so novel 
prognostic models are urgently needed. Considering that 
LLPS is associated with HCC development, we hypothesized 
that the expression pattern of LLPS-related genes may be 
associated with prognosis of HCC. In the present study, we 
identified modules of LLPS-related genes that are associated 
with tumor grade, and from a subset of hub genes we created 
an index to predict prognosis of patients with HCC.

Materials and Methods
Data Processing
The TCGA-LIHC data set, including RNA sequencing 
(RNA-seq) expression profiles (displayed as read counts) 
and clinical information of HCC patients in The Cancer 
Genome Atlas (https://www.cancer.gov/), were downloaded 
to perform weighted gene correlation network analysis 
(WGCNA)13 and to generate an LLPS-related gene-based 
risk index (LLPSRI) in HCC. The RNA-seq profiles were 
normalized using the voom method in the limma package.14 

To be included in our study, both gene expression profiles 
and clinical information had to be available, and the tumor 
had to be HCC. Data for healthy liver tissues, samples from 
patients with combined HCC and cholangiocarcinoma, and 
HCC samples of unknown tumor grade were excluded from 
our analysis. Another processed HCC data set (LIRI-JP) 
from the JP Project of the International Cancer Genome 
Consortium (https://dcc.icgc.org/) was downloaded from the 
HCCDB database15 and used to validate the LLPSRI. The 
LLPS-related genes were downloaded from PhaSepDB 
(http://db.phasep.pro/).16 The workflow of our study is 
shown in Figure 1. Our institution waived the requirement 
for ethical approval for our study because it retrospectively 
meta-analyzed data already deposited in public databases.

Identification of Modules Associated with 
Tumor Grade Using WGCNA
A total of 2158 LLPS-related genes were found in the RNA- 
seq expression profiles of the TCGA-LIHC data set. We 
extracted the expression profiles of LLPS-related genes in 
order to perform WGCNA using the WGCNA package. 
First, hierarchical clustering analysis was performed, and 
the samples with significantly different gene expression pat-
terns were removed. Then, the soft thresholding power value 
was screened during module construction. A suitable power 
value was identified if the degree of independence was > 0.9. 
The minimum module size was set to 30, and the individual 
module was assigned a unique color. If a module showed 
a significant positive correlation with tumor grade (P < 0.05), 
it was considered a candidate module.

Functional Enrichment Analysis of 
Candidate Modules
The clusterProfiler package17 was used to perform func-
tional enrichment analysis to reveal the potential 

Figure 1 Workflow of the present study. 
Abbreviations: TCGA-LIHC, the Cancer Genome Atlas-liver hepatocellular carcinoma; HCC, hepatocellular carcinoma; WGCNA, weighted gene correlation network 
analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; LLPS, liquid–liquid phase separation; LASSO, least absolute shrinkage and selection 
operator.
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biological functions of candidate modules, based on Gene 
Ontology (GO) terms and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways. Results were considered 
significant if they were associated with P < 0.01 after 
adjustment using the Benjamini & Hochberg method.

Hub Genes and the LLPSRI
In WGCNA, module membership (MM) was defined as the 
association between a gene and its module. In the present 
study, a gene with MM > 0.8 was considered a hub gene.18 

The expression profiles of the hub genes were used to gen-
erate the LLPSRI. Briefly, univariate Cox regression analysis 
was carried out to identify overall survival (OS)-associated 
genes. A gene with P < 0.05 was considered significant. The 
gene expression profiles of the OS-associated genes were 
used to perform least absolute shrinkage and selection opera-
tor (LASSO) Cox regression analysis using the “glmnet” 
package.19 The features with non-zero coefficients were 
selected in 10-fold cross-validation for multivariate stepwise 
Cox regression, and the LLPSRI was defined as

LLPSRI=Exprgene1*Coefgene1+Exprgene2*Coefgene2 

+Exprgene3*Coefgene3+...

where “Expr” represents the expression value of the candidate 
genes in the multivariate Cox regression analysis, and “Coef” 
is the corresponding estimated regression coefficient. Then, 
patients with HCC were divided into low- or high-risk groups 
based on the median LLPSRI. OS was compared between the 
low- and high-risk groups using the log-rank method.

Gene Set Enrichment Analysis (GSEA)
We performed GSEA20,21 to explore the biological char-
acteristics of high-risk patients. The hallmark gene set and 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway gene sets from the Molecular Signatures 
Database (version 7.2)20,22 were used as the reference 
gene set. GSEA was carried out using the GSEA software 
written in JAVA (http://www.broadinstitute.org/gsea). We 
set the cutoff criteria as a false discovery rate value < 0.05.

Validation of the LLPSRI
As we did with patients in the TCGA-LIHC dataset, we 
assigned each patient in the JP-ICGC an LLPSRI accord-
ing to the above formula. Then, patients with HCC were 
divided into low- or high-risk groups based on the median 
PRS. OS was compared between the low- and high-risk 
groups using the log-rank method.

Results
Multiple LLPS-Related Gene Modules are 
Associated with HCC Tumor Grade
Four samples of HCC were removed as they showed signifi-
cantly different expression patterns from the other samples 
(Figure 2A). In the end, 352 HCC samples were used for 
WGCNA. The power was 4, which was the lowest value for 
the scale with an independence degree of up to 0.90 
(Figure 2B). WGCNA identified nine modules (Figure 2C), 
among which the black, turquoise, brown, and yellow modules 
showed a significant positive correlation with tumor grade and 
were therefore selected as candidate modules for subsequent 
analysis (Figure 2D). The green module, in contrast, nega-
tively correlated with tumor grade. Gene significance (GS) 
was defined by WGCNA as the correlation of a gene with 
tumor grade. GS and MM correlated significantly with each 
other in these four candidate modules (Figure 2E-H).

Tumor Grade-Related Gene Modules are 
Involved in Various Pathways
Analysis of GO indicated the genes of these four candidate 
modules were involved mainly in GOs related to nucleic 
acid metabolism (Figure 3A). KEGG pathway enrichment 
analysis showed that the genes were involved tumor- 
related pathways, such as the p53 signaling pathway, cell 
cycle, and FoxO signaling pathway (Figure 3B).

The LLPSRI May Be a Prognostic Indicator 
in HCC
Forty-three LLPS-related genes were considered as OS- 
associated genes in univariate Cox analysis (Table 1), and 
LASSO analysis showed nine of them to have non-zero 
coefficients (Figure 4A and Table 1). A subset of six genes 
(CDCA8, CENPA, KPNA2, NCL, PRC1, and RAD51) was 
selected by multivariate stepwise Cox regression to gen-
erate the LLPSRI (Table 1). The LLPRRI was significantly 
associated with OS [hazard ratio (HR) 2.718, 95% con-
fidence interval (CI) 2.160–3.420, P < 0.001]. The patients 
were divided into high- and low-risk groups according to 
the median LLPSRI (Figure 4B), and patients in the high- 
risk group had shorter OS than those in the low-risk group 
(Figure 4C). In fact, the LLPSRI was associated with OS 
at an even greater significance level than some clinico-
pathological characteristics, including sex, age, American 
Joint Committee on Cancer stage, and vascular invasion 
(Figure 4D).
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Biological Characteristics of Patients in 
the High-Risk Group
Five hallmark gene sets, hallmark E2F targets, hallmark G2M 
checkpoint, hallmark MTORC1 signaling, hallmark MYC 
targets v1, and hallmark unfold protein response, were signifi-
cantly enriched in the samples of high-risk group (Figure 5A). 
Two pathways, cell cycle and spliceosome, were significantly 
enriched in the samples of high-risk group (Figure 5B).

Validation of the LLPSRI Using an 
Independent Data Set
All HCC patients in the LIRI-JP data set were assigned 
LLPSRIs using the above formula. The LLPRRI was sig-
nificantly associated with OS (HR 2.939, 95% CI 1.886– 
4.578, P < 0.001). As we did with patients in the TCGA- 
LIHC data set, we divided the LIRI-JP patients into high- 
and low-risk groups according to the median LLPSRI 

Figure 2 Weighted correlation network analysis. (A) Four samples show significantly different expression patterns. (B) Network topologies at different soft-thresholding 
powers, indicated by the red numbers. (C) Dendrogram of genes clustered based on a dissimilarity measure (1-Topological Overlap Matrix). Each color represents a module 
in the gene co-expression network constructed by WGCNA. (D) Heatmap of the correlation between module eigengenes and tumor grade. (E–H) Gene significance and 
module membership correlated significantly with each other in the brown, black, turquoise, and yellow modules.

Figure 3 Functional enrichment analysis. (A) Gene Ontology analysis and (B) Kyoto Encyclopedia of Genes and Genomes pathway analysis of the four modules.
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(Figure 6A). Patients in the high-risk group had shorter OS 
than those in the low-risk group (Figure 6B).

Discussion
Many gene-based signatures have been proposed for 
prognostic stratification of HCC.23–25 Lin et al proposed 
a twenty gene-based prognostic stratification in HCC.18 

Lv et al proposed a seven gene-based risk index for 
predicting early recurrence in HCC.26 Huang et al 
reported a RNA binding protein-related prognostic sig-
nature for HCC.27 These studies have usually not started 
from subsets of genes with particular biological signifi-
cance. The present study, in contrast, started from the 
newly introduced concept of LLPS as important in health 
and disease. Focusing on genes related to LLPS, we 
defined several gene modules that were associated with 
HCC tumor grade. Our LLPSRI was generated using the 
hub genes in the modules and was found to be associated 
with OS. Furthermore, its prognostic value was validated 
with a second, independent data set. These results sug-
gest that LLPS may be a useful concept for explaining 
the pathogenesis of HCC. The LLPSRI may provide 
a valuable reference for the personalized management 
of HCC patients.

According to our GSEA, the target genes of transcrip-
tion factors E2F and MYC are significantly enriched in 
high-risk samples, so the networks regulated by these two 
transcription factors are likely related to LLPS. Previous 
studies suggested critical roles for E2F and MYC in 
hepatocarcinogenesis,28–30 which the present analysis sup-
ports in the case of HCC. Our results justify further work 
to elucidate how E2F and MYC are involved in LLPS. In 
addition, we found that high-risk patients may show 
greater mTORC1 signaling, which is considered a major 
tumor-initiating pathway in HCC.31 This suggests that 
mTOR inhibitors may benefit our HCC patients in the 
high-risk group, but not those in the low-risk group. 
Thus, the LLPSRI may be useful for screening patients 
for potential response when conducting prospective trials 
of mTOR inhibitors.

Our LLPSRI consists of six LLPS-related genes, some 
of which have previously been associated with HCC. 
Aberrant expression of KPNA2 correlates with early recur-
rence and poor prognosis in patients with small HCC.32 

PRC1 promotes early recurrence of HCC in association 
with the Wnt/β-catenin signalling pathway.33 Silencing 
CDCA8 can suppress HCC growth and stemness.34 

RAD51 appears to influence the onset, progression and Ta
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drug resistance of various cancers.35 NCL and CENPA 
should be explored further to confirm and clarify their 
involvement in HCC.

The present study may provide new insights into the asso-
ciations of LLPS with HCC tumor grade and prognosis, but 
several limitations should be noted. Most importantly, our 

Figure 4 The liquid–liquid phase separation-related gene-based risk index (LLPSRI) in the TCGA-LIHC data set. (A) Nine genes were identified as optimal features in 
LASSO analysis. (B) Risk factor correlation diagram. Top panel: risk predictions for each patient. The horizontal dotted line represents the median risk value, which 
distinguished a group at low risk (blue) and a group at high risk (red). Middle panel: patients ranked by predicted risk value, showing slightly longer survival time among 
patients at low risk than among those at high risk. Blue dots represent living patients; red dots, deceased patients. Bottom panel: expression of candidate genes. (C) The 
high-risk group showed worse overall survival than the low-risk group. (D) The LLPSRI is a prognostic factor independent of routine clinicopathological characteristics.

Figure 5 Gene set enrichment analysis. (A) Five hallmark and (B) two Kyoto Encyclopedia of Genes and Genomes gene sets were significantly enriched in the high-risk 
samples.

International Journal of General Medicine 2021:14                                                                             https://doi.org/10.2147/IJGM.S342602                                                                                                                                                                                                                       

DovePress                                                                                                                       
9677

Dovepress                                                                                                                                                             Fang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


analysis is based exclusively on bioinformatics, so our findings 
should be verified and extended in experimental studies, ulti-
mately prospective studies with patients. Second, some of the 
genes that we identified here have yet to be linked to HCC. 
Indeed, whether the LLPSRI is linked to prognosis through 
causality or simple correlation needs to be explored.

Conclusion
We identified LLPS-related gene modules that are asso-
ciated with HCC tumor grade. The LLPSRI may be useful 
as a prognostic marker of HCC, and it may reliably stratify 
patients into groups at low or high risk of worse survival. 
Our bioinformatic analysis also identified some biological 
characteristics of HCC that may be linked to worse survi-
val. In these ways, our study generates numerous testable 
hypothesis to help guide future research into the mechan-
isms and personalized treatment of HCC.
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