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Abstract
Background. Hepatocellular carcinoma (HCC) is a common tumor of the digestive system. Cell death 
is an essential process in normal tissue that consists of 3 classical pathways: apoptosis, necrosis and autophagy.

Objectives. To perform a comprehensive analysis of the impact of cell death on liver cancer.

Materials and methods. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database and the Cancer 
Genome Atlas (TCGA) datasets were used to analyze the relationships between mutations in cell death-related 
genes and clinical variables of HCC. Then, we applied the DESeq2 package to identify aberrantly expressed 
genes in HCC and their related biological functions through a Pearson correlation analysis. Finally, a cell 
death-related signature of HCC was constructed using the single-factor Cox regression.

Results. We identified the genes involved in apoptosis, necrosis and autophagy, of which TP53 and SPTA1 had 
the highest frequency of mutations. The results revealed that cell death-related tumor mutational burden 
(TMB) was significant for the pathologic stage and had a strong relationship with the prognosis. Moreover, 
53 cell death-related genes that are differentially expressed in HCC were screened, and 3 of them were 
correlated with HCC prognosis. Harvey rat sarcoma viral oncogene homolog (HRAS) affected the infiltra-
tion of immune cells and was closely correlated with ferroptosis. Peptidylprolyl isomerase A (PPIA) played 
a significant role in mitochondrial pathways. At last, we constructed a cell death-related signature of HCC 
using 10 prognosis-related genes and a nomogram based on 3 variables (expression, group and stage).

Conclusions. This study provided a comprehensive analysis of cell death-related genes in HCC based 
on multi-omics data, identified the contribution of each variable to clinical outcome and predicted the survival 
probability of HCC patients more directly.
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Background

Hepatocellular carcinoma (HCC) is a malignant tumor 
of the digestive system, which ranks first in cancer in-
cidence and mortality around the  world.1,2 Although 
the overall survival of patients with HCC has increased 
due to improved surgery, chemotherapy options and tar-
geted therapy, a few HCC patients still experience distant 
metastasis leading to a poor prognosis.3 However, the mo-
lecular mechanisms of HCC are not fully understood; thus, 
it  is urgent to explore key factors and new biomarkers 
in the progression and prognosis of HCC.

Cell death is an essential process in the development 
of normal tissue, consisting of 3 classical pathways: apop-
tosis, necrosis and autophagy.4,5 Apoptosis is a process 
in which cells cease to grow and divide. It is also called 
programmed cell death or cell suicide. Apoptosis can be 
initiated by intracellular sensors activating the intrinsic 
pathway or damaged receptors in the extrinsic pathway. 
It is characterized by nuclear fragmentation, membrane 
blebbing and chromosomal condensation.6–8 Autophagy 
is a cellular stress-mediated mechanism that promotes 
the degradation of cellular macromolecules to protect 
or kill stressed cells.9 Necrosis, unlike the 2 previous path-
ways, is an uncontrolled form of cell death, where the cell 
is damaged by sudden external injury (hypoxia, chemicals, 
heat, etc.).10 The dysregulation of the above 3 cell death-
related pathways can play a significant role in the initiation 
and development of a tumor.11

The central role of genetic abnormalities is highlighted 
in the process of cancer metabolism described in recent 
studies.12–14 An increased mutation rate is a well-character-
ized feature of human cancers that contributes to the loss 
of function, including somatic mutations, copy number 
variations, genomic rearrangements, etc. In  this study, 
we focused on the genetic and transcriptomic character-
istics of cell death in HCC using bioinformatics analysis, 
along with their relationship with clinical variables, the im-
mune response and prognosis. At last, we constructed a cell 
death-related signature and prognostic nomogram of HCC 
that could be regarded as a reference for clinical treatment.

Objectives

Multi-omics data were used to study the impact of 3 cell 
death-related pathways on HCC.

Materials and methods

Data collection

The pathways related to cell death, including apop-
tosis, necrosis and autophagy, were accessed using 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database. We downloaded the RNA sequencing, copy 
number variants, mutation variants, expression data, 
and clinical data of patients with HCC from the Cancer 
Genome Atlas (TCGA) datasets. Gene expression lev-
els were analyzed using transcripts per million (TPM) 
reads. The clinical data obtained included age, sex, clini-
cal stages, TNM stage, survival status, and survival time.

Somatic mutations  
and copy number variations

Genes with mutation samples greater than 5 were se-
lected for prognostic analysis to ensure a sufficient sample 
size. The Kaplan–Meier log rank tests were performed 
to evaluate whether the gene mutations affected the overall 
survival of HCC patients.

To further explore the impact of cell death-related gene 
mutations on HCC patients, we calculated the tumor muta-
tion burden (TMB) and the fraction genome altered (FGA) 
of each sample according to gene mutation information. 
The calculation of FGA is based on copy number varia-
tion (CNV) segment data. The main calculation method 
used the number of bases in segments with a log2R > 0.2 
divided by the number of bases in all segments. The FGA 
included the fraction genome gain (FGG) and the fraction 
genome loss (FGL). Next, we evaluated the associations 
of FGG and FGL with the prognosis and clinical charac-
teristics of HCC.

Gene expression analysis

In order to determine cell death-related genes that af-
fect the development and progression of HCC, we applied 
the DESeq2 package, a method for differential analysis 
of count data using shrinkage estimation for dispersions 
and fold changes to improve stability and interpretability 
of estimates and to perform the differentially expressed 
analysis. We used a false discovery rate (FDR) <0.05 and 
a log2 (fold change) >1 as the screening criteria. To ex-
plore the associations between cell death-related genes 
and prognosis in HCC, we used the median value of gene 
expression as the cutoff value and divided the dataset into 
2 groups. The genes identified as HCC-specific for subse-
quent analysis were meaningful in the differential expres-
sion and prognostic analyses.

Functional analysis

To gain further understanding of the additional influ-
ence that cell death-related genes have on HCC, we evalu-
ated the scores of 24 immune cells in HCC samples us-
ing the  gene set variation analysis (GSVA) algorithm. 
The Pearson’s correlation analysis was further performed 
to observe the relationships between cell death-related 
genes and the infiltration of immune cells. At the same 
time, we also observed whether there was a co-expression 
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correlation between the abovementioned genes and ferrop-
tosis-related genes. Since cell death is generally considered 
to be an effect of the mitochondria, we downloaded mito-
chondrial-related pathway information from MitoCarta3.0 
(https://www.broadinstitute.org/files/shared/metabo-
lism/mitocarta/human.mitocarta3.0.html) and analyzed 
whether the above genes had an impact on mitochondrial-
related pathways using the gene set enrichment analysis 
(GSEA) algorithm.

Construction of a cell death-related 
signature for HCC

First, a  single-factor Cox regression with cell death-
related genes was performed in  order to  screen genes 
that affect the prognosis of HCC. Furthermore, because 
of the collinearity between the genes, we used the least ab-
solute shrinkage and selection operator (LASSO) to screen 
independent genes. A signature related to cell death was 
constructed by combining clinical parameters of HCC-
related cases.

Statistical analyses

Statistical analysis and visualization of  data were 
performed using R software (v. 4.1.2; R Foundation for 
Statistical Computing, Vienna, Austria). Measurement 
data were expressed as mean (standard deviation (SD)). 
If  the  data met a  normal distribution, we  used t-tests 
to  assess the  differences between groups and analysis 
of variance (ANOVA) to assess the differences between 
multiple groups. If the data did not conform to a normal 
distribution, then the differences between the 2 groups 
were estimated using the Wilcoxon rank-sum test, and 
the differences between multiple groups were assessed 
using the Kruskal–Wallis test. A value of p < 0.05 was 
considered statistically significant.

Results

Cell-death gene set

From the KEGG database, we identified 137 autophagy-re-
lated genes, 136 apoptosis-related genes and 159 necrosis-re-
lated genes. Five genes had functions in all 3 pathways (B-cell 
lymphoma-2 (BCL2), CASP8 and FADD-like apoptosis regu-
lator (CFLAR), mitogen-activated protein kinase (MAPK) 
10, MAPK8, and MAPK9; Fig. 1). In addition, 23 genes were 
involved in autophagy and apoptosis, 18 genes in apoptosis 
and necroptosis, and 1 gene in autography and necroptosis. 
To further explore the interactive relationships among genes 
from the 3 cell death-related pathways, the Search Tool for 
the Retrieval of Interacting Genes/Proteins (STRING) da-
tabase (https://cn.string-db.org) was used to confirm inter-
actions between the genes instead of them being mutually 
independent (Fig. 1). Using a network diagram of protein 
interactions we discovered that the relationships between 
the 3 forms of cell death indicate strong interactions between 
the genes involved in the 3 types of cell death. Therefore, 
those 3 types may jointly affect the occurrence and devel-
opment of HCC.

Genetic mutations  
of cell death-related genes

After screening, it was found that 81 autophagy-related 
genes, 97 apoptosis-related genes and 89 necroptosis-re-
lated genes were mutated in HCC (Fig. 2A). Tumor pro-
tein 53 (TP53) had the highest mutation frequency in 32% 
of patients, and the 2nd most frequent mutation occurred 
in spectrin alpha erythrocytic 1 (SPTA1) at 8% (Fig. 2B). 
However, the mutation frequencies of all the other genes 
were less than 5%. The 2 most frequently mutated genes 
(TP53 and SPTA1) were apoptosis-related, indicating that 
the  functions of  apoptosis-related genes in  HCC may 

Fig. 1. Summary of gene information related to cell death based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The left panel 
is a Venn diagram of the overlapping relationship among the 3 pathways: apoptosis, necrosis and autophagy. The right panel is a Venn diagram 
of the protein–protein interactions/relationships between the 3 pathways

https://www.broadinstitute.org/files/shared/metabolism/mitocarta/human.mitocarta3.0.html
https://www.broadinstitute.org/files/shared/metabolism/mitocarta/human.mitocarta3.0.html
https://cn.string-db.org
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Fig. 2. Mutation characteristics of cell death-related genes in hepatocellular carcinoma (HCC). A. The number of mutant genes based on the 3 pathways; 
B. Oncoplot of the top 10 cell death-related gene mutations in HCC; C. Mutual occurrence/mutual exclusion analysis between mutant genes; 
D. The number of genes with genetic mutations that affect the prognosis; E. Survival plot of the top 3 genes most influential in the prognosis of HCC

NonCount – non-mutation sample count; MutCount – mutation sample count.
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indeed be related to gene mutations. In order to further ex-
plore the associations among mutated genes, we performed 
a co-occurrence analysis. In this analysis, only protein 
tyrosine phosphatase non-receptor type 13 (PTPN13) and 
inositol 1,4,5-trisphosphate receptor type 3 (ITPR3) were 
found to have a co-occurrence relationship, both of which 
are apoptosis-related genes (Fig. 2C).

Moreover, after a survival analysis of mutated genes, 
the mutation of 6 genes was correlated with the prognosis 
of HCC, consisting of 4 apoptosis-related genes, 1 necrop-
tosis-related gene and 1 autophagy-related gene (Fig. 2D). 
Among the 6 mutated genes associated with prognosis, 
the mutations in apoptosis-related genes and autophagy 
genes (colony stimulating factor 2 receptor subunit beta 
(CSF2RB), mitogen-activated protein kinase 2 (MAP2K2), 
DAB2 interacting protein (DAB2IP), mechanistic target 
of rapamycin kinase (MTOR), and TP53) led to a decreased 
survival time in patients, while the mutation in the ne-
crosis gene (phospholipase A2 group IVA (PLA2G4A)) led 
to an increased survival time (Fig. 2E). In order to observe 
the relationship between the 3 cell death pathway gene mu-
tations and HCC as a whole, we further aggregated the gene 
mutations for prognostic analysis. The results were consis-
tent with the prognosis of previous analyses, finding that 
gene mutations in the apoptotic pathway led to a decreased 
patient survival and gene mutations in the necrosis path-
way led to an increased patient survival (Table 1).

We calculated the association of TMB with cell death 
in HCC to analyze the relationship between TMB and 
clinical parameters. Patients with a high cell death rate 
related to TMB have a shorter survival time, indicating that 
mutations in the 3 pathways make the tumor more difficult 
to control (Fig. 3A). Moreover, the results revealed that 
the cell death-related TMB was significantly associated 
with gender (p < 0.001) with male patients having higher 
TMB than females (Fig. 3B and Table 2).

Copy number variations  
of cell death-related genes

After the  CNV analysis, we  found apoptosis-related 
genes to  have the  most changes (Fig. 3D). Moreover, 
we  found higher FGA, FGG and FGL values to be sig-
nificant for an unfavorable prognosis in HCC (p = 0.008, 
p = 0.007 and p = 0.002, respectively, Fig. 3C). In addition, 
the associations between copy number variations and clini-
cal characteristics were explored and the results showed 

distinct correlations. Grade 4 HCC had the highest values 
of FGA, FGG and FGL (p < 0.005, Fig. 3E and Table 3). 
The more severe the HCC, the higher the number of CNV 
and the shorter the survival time. This is consistent with 
our finding that high scores in FGA, FGG and FGL lead 
to a poor prognosis in HCC. Additionally, radiation therapy 
also causes changes in FGG. A low FGG was shown in ge-
nomes not exposed to radiation therapy (Fig. 3F).

Transcriptomes of cell death-related genes

Based on  RNA-sequencing (RNA-seq) data of  HCC, 
we identified 53 cell death-related genes that were dif-
ferentially expressed in HCC compared to normal tissues, 
including 31 apoptosis-related genes, 15 necroptosis-re-
lated genes and 7 autophagy-related genes (Fig. 4A). Most 

Table 1. Prognostic analysis of hepatocellular carcinoma (HCC) based on gene mutations summarized by 3 pathways

Pathway MutCount NonCount DeathMuta DeathNon HR 95% CI p-value

Apoptosis 110 203 44 (40%) 66 (60%) 1.718 1.133–2.606 0.004

Necroptosis 12 301 1 (0.91%) 109 (99.09%) 0.157 0.069–0.356 0.033

Autophagy 6 307 4 (3.64%) 106 (96.36%) 3.613 0.569–22.926 0.007

95% CI – 95% confidence interval; HR – hazard ratio; NonCount – non-mutation sample count; MutCount – mutation sample count; DeathMuta – mutation 
death sample count; DeathNon – non-mutation death sample count.

Table 2. Relationship between cell death-related tumor mutational 
burden (TMB) and clinical phenotype of hepatocellular carcinoma (HCC)

Group n mean ±SD p-value

Sex

Female 102 0.741 ±0.913
0.04

Male 217 0.974 ±1

Radiation therapy

No 312 0.903 ±0.984
0.552

Yes 7 0.747 ±0.644

Pharmaceutical therapy

No 297 0.908 ±0.977
0.573

Yes 22 0.783 ±0.993

Tumor grade

G1 44 0.71 ±1.008

0.203
G2 154 0.846 ±0.92

G3 108 1.047 ±1.056

G4 13 0.958 ±0.764

Pathologic stage

Stage I 145 0.882 ±0.942

0.484
Stage II 85 1.021 ±0.999

Stage III 85 0.799 ±1.024

Stage IV 4 1.122 ±0.747

T stage

T1-3 305 0.917 ±0.971
0.169

T4 13 0.464 ±1.102

SD – standard deviation.
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Fig. 3. Characteristics of cell death-related gene tumor mutation 
burden (TMB) and copy number fragment changes in hepatocellular 
carcinoma (HCC). A. Cell death-related TMB affects the prognosis of liver 
cancer; B. Differences in cell death related to TMB among different 
sexes in HCC; C. Prognosis analysis of the fraction genome altered 
(FGA) in HCC; D. The FGA shows different distributions based on clinical 
grade and a different distribution in the recurrence group; E. The effect 
of radiotherapy on the changes in fraction genome gain (FGG) in HCC 
patients; F. Statistics of death-specific copy number fragment alterations 
in liver cancer cells

95% CI – 95% confidence interval; FGL – fraction genome loss.
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of these differentially expressed genes were upregulated 
in HCC (Fig. 4B). Furthermore, there were 18 cell death-
related genes with significant effects on the prognosis 
of HCC, and no gene was found to have protective factors 
(Fig. 4C). Through differential expression and prognostic 
analysis, we found that the effects of cell death-related 
genes on tumors were consistent, that is, high gene ex-
pression leads to tumorigenesis and poor survival rates. 
We  conducted a  cross analysis on  the  above differen-
tially expressed genes and prognosis-related genes. It was 
found that 3 of the genes, namely peptidylprolyl isomerase 
A (PPIA), Harvey rat sarcoma viral oncogene homolog 
(HRAS) and baculoviral IAP repeat containing 5 (BIRC5), 
were not only differentially expressed in HCC, but also af-
fected the overall survival of HCC patients, which belong 
to the necroptosis, apoptosis and autophagy pathways, 
respectively (Fig. 4D).

With the infiltration scores of 24 immune cells calculated 
by the GSVA algorithm, the correlations between the above 
3 genes and immune infiltration were investigated to char-
acterize the immunologic landscape. Through correlation 
analysis, we can evaluate whether there is a correlation be-
tween the expression of these 3 genes and the immune cell 
score. If the correlation coefficient is high, the gene may 
affect immune cells. The results showed that HRAS affected 

the infiltration of immune cells (Fig. 4E), thus, it may play 
a significant role in the progression and prognosis of HCC 
by affecting the death of immune cells. Since ferroptosis 
is an emerging way of cell death, we analyzed the relation-
ships between the expressions of the above 5 genes and iron 
death-related genes. Most genes had no association with 
the iron death-related genes; however, ribosomal protein L8 
(RPL8) was co-expressed in most of them (Fig. 4F).

Using the  GSEA algorithm, the  effects of  the  above 
5 genes on mitochondria-related pathways were explored, 
and the PPIA, HRAS and BIRC5 genes were all significant. 
Among them, PPIA was closely correlated with 56 mito-
chondrial pathways (Fig. 4G). The mitochondrial complex 
III pathway was influenced by the expressions of PPIA, 
HRAS and BIRC5 in HCC (Fig. 4H).

Construction of cell death-related 
signature

We performed the Cox regression to identify the genes 
that affect the survival of HCC, using LASSO to screen 
out genes with collinearity (Fig. 5A). As a result, a  to-
tal of 10 genes (4 apoptosis genes, 4 necroptosis genes 
and 2 autophagy genes) could be used to construct a cell 
death-related signature for HCC. A prognostic analysis 

Table 3. Association of cell death-associated copy number alterations with clinical information in hepatocellular carcinoma (HCC) patients

Group
FGA FGG FGL

mean ±SD p-value mean ±SD p-value mean ±SD p-value

Sex

Female −1.003 ±1.103
0.24

−1.906 ±0.827
0.381

−1.775 ±0.918
0.209

Male −1.141 ±0.922 −1.987 ±0.852 −1.896 ±0.73

Radiation

No −1.089 ±0.99
0.208

−1.944 ±0.838
0.037

−1.859 ±0.8
0.802

Yes −1.4 ±0.711 −2.594 ±0.836 −1.808 ±0.616

Pharmaceutical

No −1.092 ±0.993
0.695

−1.942 ±0.846
0.096

−1.865 ±0.794
0.521

Yes −1.163 ±0.854 −2.223 ±0.781 −1.755 ±0.822

Tumor grade

G1 −1.672 ±1.143

<0.001

−2.314 ±1.023

<0.001

−2.335 ±0.788

<0.001
G2 −1.143 ±1.001 −2.072 ±0.838 −1.845 ±0.825

G3 −0.826 ±0.792 −1.691 ±0.69 −1.7 ±0.7

G4 −0.765 ±0.659 −1.594 ±0.638 −1.633 ±0.533

Pathologic stage

Stage I −1.237 ±1.023

0.059

−2.073 ±0.854

0.081

−1.938 ±0.805

0.269
Stage II −0.922 ±0.889 −1.828 ±0.837 −1.75 ±0.741

Stage III −1.012 ±0.952 −1.897 ±0.812 −1.808 ±0.796

Stage IV −0.935 ±1.389 −1.633 ±0.876 −1.932 ±1.272

T stage

T1–T3 −1.095 ±0.993
0.92

−1.969 ±0.852
0.161

−1.849 ±0.801
0.257

T4 −1.117 ±0.728 −1.725 ±0.547 −2.065 ±0.611

SD – standard deviation; FGA – fraction genome altered; FGG – fraction genome gain; FGL – fraction genome loss.
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Fig. 4. Cell death-related gene 
expression analysis. A. Number 
of differentially expressed 
genes based on the 3 pathways; 
B. Volcano plot for the differential 
expression analysis of cell death-
related genes. Blue represents 
apoptosis-related genes, orange 
represents necrosis-related genes 
and red represents autophagy-
related genes; C. Forest plot for 
prognostic analysis of cell death-
related genes. Blue represents 
apoptosis-related genes, orange 
represents necrosis-related genes 
and red represents autophagy-
related genes. The prismatic point 
represents the hazard ratio (HR) 
value for the prognostic analysis, 
and the distribution at both ends 
of the line is the 95% confidence 
interval (95% CI) for the prognostic 
analysis; D. Venn diagram of cross-
analysis of differentially expressed 
genes and prognosis-related 
genes; E. Correlation between 
hepatocellular carcinoma (HCC) 
cell death characteristic genes 
and immune cells; F. Correlation 
between HCC cell death genes 
and iron death genes. The p-value 
in the graph represents 
whether there is a correlation 
between the 2 types of genes. 
The r value represents 
the degree of correlation seen 
in the correlation analysis; 
G. The number of HCC 
characteristic genes and 
mitochondrial-related pathways; 
H. Gene set enrichment analysis 
(GSEA) plot of the 4 characteristic 
genes in complex III
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C D

E
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of the signature confirmed that the high expression groups 
are closely correlated with a worse survival (Fig. 5B). Fi-
nally, a multi-factor Cox regression analysis on the cell 
death-related signature and clinical parameters of HCC 
was studied. We found that the cell death-related signature, 
age and T stage were the most significant for the prognosis 

of HCC (Table 4). Therefore, based on these 3 variables, 
a nomogram was constructed to indicate the contribution 
of each variable to the outcome and to predict the survival 
probability more directly (Fig. 5C). In the final nomogram, 
it can be seen that when the cell death model had a high 
score, the stage was high and the patient survival was poor.

Fig. 5. Construction of the hepatocellular carcinoma (HCC)-related cell death model. A. Least absolute shrinkage and selection operator (LASSO) regression 
analysis selects the variables included in the model; B. Prognostic analysis of cell death-related models; C. The nomogram of HCC-related features

points
0 10 20 30 40 50 60 70 80 90 100

LASSO
low

high

pathologic_stage
stage I–II

stage III–IV

total points
0 20 40 60 80 100 120 140 160 180 200 220

linear predictor
−0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1 1.2

5-year survival probability
0.6 0.5 0.4 0.3 0.2

8-year survival 
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Discussion

Hepatocellular carcinoma is one of the most common 
and lethal tumors of the digestive system, leading to an un-
favorable prognosis.15 Therefore, it  is urgent to uncover 
tumor microenvironment variations resulting in the devel-
opment of HCC. Cell death pathways are an essential pro-
cess of maintaining the growth of an organism.16,17 They 
mainly include apoptosis, necrosis and autophagy. Our 
study aimed to evaluate the dysregulation of the cell death 
program and the related gene signatures with the clinical 
characteristics of HCC. Furthermore, cell death-related 
signatures that could help predict the overall survival 
of HCC patients were built.

In this study, we identified genes related to apoptosis, 
necrosis and autophagy pathways in HCC and their in-
teractions with each other. There were 5 genes seen in all 
3 pathways, namely BCL2, CFLAR, MAPK10, MAPK8, 
and MAPK9. Thus, they might play significant roles 
in the development of HCC by acting on various cell death 
pathways. The BCL2 family are considered important reg-
ulators of apoptosis and have been implicated in the ini-
tiation and progression of liver cancer.18 The activation 
of autophagy may also be initiated by a reduction in BCL2 
levels,19 which was validated in experiments on mice with 
colorectal cancer. The mitogen-activated protein kinase 
(MAPK) pathway was reported to be required for cell 
proliferation and survival, of which inhibition could con-
tribute to cell cycle arrest and apoptosis, as well as au-
tophagy-mediated cell death.20–22 For example, Zhang 
and Jiang showed that odd-skipped related transcrip-
tion factor 1 (OSR1) affected HCC progression and in-
duced apoptosis by inhibiting MAPK pathways.23 They 
also mentioned that SN38 could induce the activation 

of the MAPK pathway and promote autophagy, thereby 
reducing the chemoresistance of tumor cells.24

Hepatocellular carcinoma exhibited an elevated muta-
tional burden compared to normal tissues.25 The sequence 
analysis of cell death-related coding genes in HCC helps 
to understand their potential roles in carcinogenesis.26 
Thus, we  studied somatic mutations of  genes related 
to the 3 cell death pathways. Among them, TP53 presented 
the highest mutation frequency, with SPTA1 having the 2nd 
highest frequency. Besides, TP53 and SPTA1 were mutually 
exclusive with other genes, which explains the reason for 
the less frequent occurence of the mutations of other genes. 
The TP53 and SPTA1 were commonly associated with liver 
cancer and are considered early driver genes in malignant 
tumors.27,28 A mutation in TP53 may cause a loss of function 
resulting in resistance to apoptosis, which is characterized 
by inhibited cell cycle arrest and invasiveness of liver can-
cer.29 In addition, TP53 mutations may contribute to the de-
regulation of the cell cycle and antitumor immunity, which 
could serve as potential biomarkers for predicting the re-
sponse to immunotherapy.30 The SPTA1 mutations were 
significant predictors of shorter survival and shorter re-
currence time in liver cancer patients.31 After performing 
a survival analysis on mutated genes, 6 genes correlated 
with the prognosis of HCC, with the most significant being 
CSF2RB, MAP2K2 and PLA2G4A. Although their rela-
tionships with the overall survival of HCC patients have 
not been studied, it could be the focus of further research.

Tumor mutation burden is the number of mutations that 
exist within a tumor32,33; it has been identified as a po-
tential predictor for therapy with immune checkpoint 
inhibitors. We calculated the TMB associated with cell 
death and analyzed its correlation with clinical parameters 
based on the cell death-related load. In regard to changes 

Table 4. Prognostic analysis of hepatocellular carcinoma (HCC)-related clinical features

Variable Sample number Univariate analysis Multivariate analysis

Phenotype number HR (95% CI) p-value HR (95% CI) p-value

Age 367 1.01 (1.00–1.03) 0.091 1.03 (1.01–1.05) 0.09

Sex

Female 118 reference N/A N/A N/A

Male 249 0.79 (0.56–1.13) 0.201 N/A N/A

Stage

Stage I–II 265 reference N/A N/A N/A

Stage III–IV 102 2.42 (1.71–3.43) <0.001 3.24 (0.98–10.66) <0.001

T stage

T1–T3 354 reference N/A N/A N/A

T4 13 3.75 (1.95–7.21) <0.001 N/A 0.064

LASSO score

Low 239 reference N/A N/A N/A

High 128 0.41 (0.29–0.58) <0.001 3.23 (2.06–5.07) <0.001

LASSO – least absolute shrinkage and selection operator; HR – hazard ratio; 95% CI – 95% confidence interval; N/A – not applicable.
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in the genome, there are also changes in the copy number 
of genes. We found that the CNVs of apoptosis-related 
genes were observed most often. Higher FGA, FGG and 
FGL values were all significant predictors of an unfavor-
able prognosis in HCC.

In this study, we further explored RNA-seq data in HCC 
patients for variations in cell death-related gene expres-
sion and their relationship with the prognosis. We identi-
fied 54 cell death-related genes that were differentially 
expressed in  HCC compared to  normal tissues, and 
3 of  the differentially expressed genes were correlated 
with the prognosis: PPIA, HRAS and BIRC5. A decrease 
in the nerve growth factor (NGF) level can affect the an-
tiproliferative function of gastrin-releasing peptide recep-
tor antagonists in liver cancer cells,34 resulting in poor 
overall survival. Glycogen phosphorylase, muscle asso-
ciated (PYGM), charged multivesicular body protein 2B 
(CHMP2B), and caspase 9 (CASP9) may also be potential 
biomarkers for the diagnosis and prognosis of HCC that 
need to be further validated in future studies.

We explored specific functions that are under the in-
fluence of the above 5 genes in HCC. In immune infil-
tration, HRAS was investigated to affect the infiltration 
of mostly immune cells. The PYGM was shown to play 
a significant role in regulating T cell migration and prolif-
eration by binding to a small GTPase in the RAS family.35 
The BIRC5 is required for activation, trafficking and antitu-
mor activity of CD8+T cells.36 Therefore, we speculated that 
HRAS and BIRC5 could be associated with the progression 
and prognosis of HCC by affecting the proliferation and 
death of immune cells. Iron is essential for most biological 
processes, and the regulation of ferroptosis is dependent 
on iron.37 Ferroptosis is also a form of programmed ne-
crotic cell death.38 Since ferroptosis is an emerging form 
of necrosis, we also analyzed the relationships between 
the expression of the above 5 genes and ferroptosis-related 
genes. Most of the genes did not correlate with ferroptosis-
related genes, except RPL8, which was of interest because 
of the influence RPL8 has on the expression of ferroptosis 
in the initiation and progression of HCC. The mitochondria 
are known to modulate Ca2+ signaling, and the massive 
accumulation of Ca2+ in the mitochondria can contribute 
to apoptosis.39,40 Using the GSEA algorithm, the effects 
of the above 5 genes on mitochondria-related pathways 
were explored, and PPIA was found to closely correlate with 
58 mitochondrial pathways. The interaction between p38 
MAPK and CASP9 can regulate mitochondria-mediated 
apoptosis in liver carcinoma cells.41

Additionally, we constructed a cell death-related signa-
ture for HCC using 10 prognosis-related genes. Among 
these, the high-expression group was validated to be sig-
nificant for worse survival. Age and stage are also cor-
related with the prognosis of HCC. Finally, a nomogram 
was built based on these 3 variables to more directly guide 
the contributions of each variable in the clinical outcomes 
and prediction of the survival in HCC patients.

Limitations

This study has some limitations. First, the present re-
sults were analyzed based on high-throughput sequencing 
data. Specific experiments are required for verification. 
Therefore, special attention should be paid to the fol-
low-up research. Second, the genes of the 3 cell death 
methods studied are based on the classical genes studied 
in the past, and there is no way to analyze genes that 
may have similar mechanisms yet to be studied. Finally, 
because the TCGA database was used, its specific eth-
nicity can have an impact on cell death-related models. 
Therefore, it needs to be expanded to other races and 
ethnicities for verification.

Conclusions

In the present study, we focused on the genetic and tran-
scriptomic characteristics of cell death in HCC, along with 
their relationships with clinical variables, prognosis and 
biological functions. Finally, we constructed a cell death-
related signature and prognostic nomogram for HCC that 
could be considered a reference for clinical use.

ORCID iDs
Lanlan Zhang  https://orcid.org/0000-0001-5097-4186
Xiaomin Chen  https://orcid.org/0000-0002-1862-7851
Xiangchai Guo  https://orcid.org/0000-0002-4407-2060
Huajuan Shen  https://orcid.org/0000-0003-1300-1750
Danying Qiu  https://orcid.org/0000-0002-0031-5315
Weiqun Jin  https://orcid.org/0000-0001-7596-7812
Dongjie Hou  https://orcid.org/0000-0003-1112-6488

References
1. Tang J, Chen JX, Chen L, et al. Metastasis associated in colon can-

cer 1 (MACC1) promotes growth and metastasis processes of colon 
cancer cells. Eur Rev Med Pharmacol Sci. 2016;20(13):2825–2834. 
PMID:27424982.

2. Stein U, Walther W, Arlt F, et al. MACC1, a newly identified key regula-
tor of HGF-MET signaling, predicts colon cancer metastasis. Nat Med.  
2009;15(1):59–67. doi:10.1038/nm.1889

3. Chang Z, Huang R, Fu W, et al. The construction and analysis of ceRNA 
network and patterns of immune infiltration in liver hepatocellular 
carcinoma metastasis. Front Cell Dev Biol. 2020;8:688. doi:10.3389/
fcell.2020.00688

4. D’Arcy MS. Cell death: A review of the major forms of apoptosis, 
necrosis and autophagy. Cell Biol Int. 2019;43(6):582–592. doi:10.1002/
cbin.11137

5. Chen Q, Kang J, Fu C. The independence of and associations among 
apoptosis, autophagy, and necrosis. Signal Transduct Target Ther. 2018; 
3:18. doi:10.1038/s41392-018-0018-5

6. Xu X, Lai Y, Hua ZC. Apoptosis and apoptotic body: Disease message 
and therapeutic target potentials. Biosci Rep. 2019;39(1):BSR20180992. 
doi:10.1042/BSR20180992

7. Mariño G, Niso-Santano M, Baehrecke EH, Kroemer G. Self-consump-
tion: The interplay of autophagy and apoptosis. Nat Rev Mol Cell Biol. 
2014;15(2):81–94. doi:10.1038/nrm3735

8. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: Mecha-
nistic description of dead and dying eukaryotic cells. Infect Immun. 
2005;73(4):1907–1916. doi:10.1128/IAI.73.4.1907-1916.2005

9. He C, Klionsky DJ. Regulation mechanisms and signaling pathways 
of autophagy. Annu Rev Genet. 2009;43:67–93. doi:10.1146/annurev-
genet-102808-114910



L. Zhang et al. Cell death genes in liver carcinoma244

10. Karsch-Bluman A, Feiglin A, Arbib E, et al. Tissue necrosis and its role 
in cancer progression. Oncogene. 2019;38(11):1920–1935. doi:10.1038/
s41388-018-0555-y

11. Degterev A, Yuan J. Expansion and evolution of cell death programmes. 
Nat Rev Mol Cell Biol. 2008;9(5):378–390. doi:10.1038/nrm2393

12. Song J, Ye A, Jiang E, et al. Reconstruction and analysis of the aber-
rant lncRNA-miRNA-mRNA network based on competitive endoge-
nous RNA in CESC. J Cell Biochem. 2018;119(8):6665–6673. doi:10.1002/
jcb.26850

13. Ojesina AI, Lichtenstein L, Freeman SS, et al. Landscape of genomic 
alterations in cervical carcinomas. Nature. 2014;506(7488):371–375. 
doi:10.1038/nature12881

14. Zhou N, Yuan Y, Long X, Wu C, Bao J. Mutational signatures effi-
ciently identify different mutational processes underlying cancers 
with similar somatic mutation spectra. Mutat Res. 2017;806:27–30. 
doi:10.1016/j.mrfmmm.2017.07.004

15. Das V, Kalita J, Pal M. Predictive and prognostic biomarkers in colorec-
tal cancer: A systematic review of recent advances and challenges. 
Biomed Pharmacother. 2017;87:8–19. doi:10.1016/j.biopha.2016.12.064

16. Majno G, Joris I. Apoptosis, oncosis, and necrosis. An overview of cell 
death. Am J Pathol. 1995;146(1):3–15. PMID:7856735.

17. Fricker M, Tolkovsky AM, Borutaite V, Coleman M, Brown GC. Neu-
ronal cell death. Physiol Rev. 2018;98(2):813–880. doi:10.1152/phys-
rev.00011.2017

18. Ramesh P, Medema JP. BCL-2 family deregulation in colorectal cancer: 
Potential for BH3 mimetics in therapy. Apoptosis. 2020;25(5–6):305–320.  
doi:10.1007/s10495-020-01601-9

19. Talero E, Alcaide A, Ávila-Román J, García-Mauriño S, Vendramini-
Costa D, Motilva V. Expression patterns of sirtuin 1-AMPK-autoph-
agy pathway in chronic colitis and inflammation-associated colon 
neoplasia in IL-10-deficient mice. Int Immunopharmacol. 2016;35: 
248–256. doi:10.1016/j.intimp.2016.03.046

20. Toit-Kohn JL, Louw L, Engelbrecht AM. Docosahexaenoic acid induc-
es apoptosis in colorectal carcinoma cells by modulating the PI3 
kinase and p38 MAPK pathways. J Nutr Biochem. 2009;20(2):106–114. 
doi:10.1016/j.jnutbio.2007.12.005

21. Lei Y, Yuan H, Gai L, Wu X, Luo Z. Uncovering active ingredients and 
mechanisms of spica prunellae in the treatment of liver hepatocel-
lular carcinoma: A study based on network pharmacology and bio-
informatics. Comb Chem High Throughput Screen. 2021;24(2):306–318. 
doi:10.2174/1386207323999200730210536

22. Remacle-Bonnet MM, Garrouste FL, Heller S, André F, Marvaldi JL, 
Pommier GJ. Insulin-like growth factor-I protects colon cancer cells 
from death factor-induced apoptosis by potentiating tumor necrosis 
factor alpha-induced mitogen-activated protein kinase and nuclear 
factor kappaB signaling pathways. Cancer Res. 2000;60(7):2007–2017. 
PMID:10766192.

23. Zhang F, Jiang Z. Downregulation of OSR1 promotes liver hepatocellu-
lar carcinoma progression via FAK-mediated Akt and MAPK signaling.  
Onco Targets Ther. 2020;13:3489–3500. doi:10.2147/OTT.S242386

24. Paillas S, Causse A, Marzi L, et al. MAPK14/p38α confers irinotecan 
resistance to TP53-defective cells by inducing survival autophagy. 
Autophagy. 2012;8(7):1098–1112. doi:10.4161/auto.20268

25. Lee-Six H, Olafsson S, Ellis P, et al. The landscape of somatic mutation 
in normal colorectal epithelial cells. Nature. 2019;574(7779):532–537. 
doi:10.1038/s41586-019-1672-7

26. Wolff RK, Hoffman MD, Wolff EC, et al. Mutation analysis of ade-
nomas and carcinomas of the colon: Early and late drivers. Genes  
Chromosomes Cancer. 2018;57(7):366–376. doi:10.1002/gcc.22539

27. Olivier M, Hollstein M, Hainaut P. TP53 mutations in human cancers: 
Origins, consequences, and clinical use. Cold Spring Harb Perspect Biol.  
2010;2(1):a001008. doi:10.1101/cshperspect.a001008

28. Buscail L, Bournet B, Cordelier P. Role of oncogenic KRAS in the diagno-
sis, prognosis and treatment of pancreatic cancer. Nat Rev Gastroenterol  
Hepatol. 2020;17(3):153–168. doi:10.1038/s41575-019-0245-4

29. Watanabe S, Tsuchiya K, Nishimura R, et al. TP53 mutation by CRISPR sys-
tem enhances the malignant potential of liver cancer. Mol Cancer Res.  
2019;17(7):1459–1467. doi:10.1158/1541-7786.MCR-18-1195

30. Li L, Li M, Wang X. Cancer type-dependent correlations between 
TP53 mutations and antitumor immunity. DNA Repair (Amst). 2020;88: 
102785. doi:10.1016/j.dnarep.2020.102785

31. Taieb J, Le Malicot K, Shi Q, et al. Prognostic value of BRAF and SPTA1 
mutations in MSI and MSS stage III liver cancer. J Natl Cancer Inst. 
2016;109(5):djw272. doi:10.1093/jnci/djw272

32. Ritterhouse LL. Tumor mutational burden. Cancer Cytopathol. 2019; 
127(12):735–736. doi:10.1002/cncy.22174

33. Yarchoan M, Hopkins A, Jaffee EM. Tumor mutational burden and 
response rate to PD-1 inhibition. N Engl J Med. 2017;377(25):2500–2501.  
doi:10.1056/NEJMc1713444

34. de Farias C, Stertz L, Lima R, Kapczinski F, Schwartsmann G, Roesler R. 
Reduced NGF secretion by HT-29 human colon cancer cells treat-
ed with a GRPR antagonist. Protein Pept Lett. 2009;16(6):650–652. 
doi:10.2174/092986609788490177

35. Migocka-Patrzałek M, Elias M. Muscle glycogen phosphorylase and 
its functional partners in health and disease. Cells. 2021;10(4):883. 
doi:10.3390/cells10040883

36. Wei Z, Du Q, Li P, et al. Death‐associated protein kinase 1 (DAPK1) 
controls CD8+T cell activation, trafficking, and antitumor activity. 
FASEB J. 2021;35(1):e21138. doi:10.1096/fj.201903067RR

37. Nakamura T, Naguro I, Ichijo H. Iron homeostasis and iron-regulated 
ROS in cell death, senescence and human diseases. Biochim Biophys Acta  
Gen Subj. 2019;1863(9):1398–1409. doi:10.1016/j.bbagen.2019.06.010

38. Park S, Oh J, Kim M, Jin EJ. Bromelain effectively suppresses Kras-
mutant colorectal cancer by stimulating ferroptosis. Anim Cells Syst 
(Seoul). 2018;22(5):334–340. doi:10.1080/19768354.2018.1512521

39. Jeong SY, Seol DW. The role of mitochondria in apoptosis. BMB Rep. 
2008;41(1):11–22. doi:10.5483/bmbrep.2008.41.1.011

40. Bauer TM, Murphy E. Role of mitochondrial calcium and the perme-
ability transition pore in regulating cell death. Circ Res. 2020;126(2): 
280–293. doi:10.1161/CIRCRESAHA.119.316306

41. Wang Y, Xia C, Lun Z, Lv Y, Chen W, Li T. Crosstalk between p38 MAPK 
and caspase-9 regulates mitochondria-mediated apoptosis induced 
by tetra-α-(4-carboxyphenoxy) phthalocyanine zinc photodynamic  
therapy in LoVo cells. Oncol Rep. 2018;39(1):61–70. doi:10.3892/or. 
2017.6071


