WWwWw.aging-us.com AGING 2021, Vol. 13, No. 22

Research Paper
A scoring model based on ferroptosis genes for prognosis and

immunotherapy response prediction and tumor microenvironment
evaluation in liver hepatocellular carcinoma

Lei Gao?!, Juan Xue?, Xiaomin Liu?, Lei Cao?, Ruifang Wang?, Liangliang Lei®

!Department of Gastroenterology, The First Affiliated Hospital, And College of Clinical Medicine of Henan
University of Science and Technology, Luoyang, China

’Department of Clinical Laboratory, The First Affiliated Hospital, And College of Clinical Medicine of Henan
University of Science and Technology, Luoyang, China

3Department of Gastrointestinal Surgery, The First Affiliated Hospital, And College of Clinical Medicine of Henan
University of Science and Technology, Luoyang, China

Correspondence to: Lei Gao; email: gaolei2006 @haust.edu.cn, https://orcid.org/0000-0001-9962-6609
Keywords: liver hepatocellular carcinoma, ferroptosis, model, prognosis, immunotherapy
Received: July 30, 2021 Accepted: October 27, 2021 Published: November 28, 2021

Copyright: © 2021 Gao et al. This is an open access article distributed under the terms of the Creative Commons Attribution
License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original
author and source are credited.

ABSTRACT

Ferroptosis is a type of iron-dependent programmed cell death. Ferroptosis inducers have been shown to have
a great potential for cancer therapy. We aimed to generate a risk scoring model based on ferroptosis-related
genes (FRGs) and validate its predictive performances in overall survival (OS) prediction and immunotherapy
efficacy evaluation in liver hepatocellular carcinoma (LIHC). Differential and Univariate Cox regression analyses
were applied to analyze RNA-seq data of LIHC samples from TCGA and GEO databases to identify prognosis-
related ferroptosis genes. Patients were assigned to three clusters (Ferrclusters A, B, and C) based on the
cluster analysis of prognostic ferroptosis genes. The principal component analysis (PCA) was performed to build
a risk scoring model based on differentially expressed FRGs. Survival analysis revealed that Ferrcluster B LIHC
patients had a lower OS rate alongside more severe immune cell infiltration versus Ferrcluster A and C patients;
moreover, the LIHC patients in high-ferrscore group had significantly lower survival than the low-ferrscore
group. Compared to low-ferrscore patients, Programmed cell death 1 (PD-1) mRNA expression significantly
increased, and either PD-1 or PD-1 plus CTLA4 (cytotoxic T-lymphocyte associated protein 4) inhibitors showed
unsatisfactory efficacy in high-ferrscore patients. Our study demonstrates the implication of FRGs in prognosis
prediction and evaluation of immunotherapy efficacy in LIHC patients.

INTRODUCTION

LIHC, the most common primary malignant tumor of
liver, is one of the most threatening malignancies to
human life, with the rising morbidity and the growing
mortality [1, 2]. Accordingly, it continues to be the
leading cause of cancer death worldwide [3]. The LIHC
occurrence and development is recognized as a highly
complex process involving multiple systems (e.g., gene
mutation, chromosome change, gene copy nhumber
variation, and interaction of multiple signal pathways)

[4]. Thus, the molecular mechanism and characteristics
in the occurrence of LIHC should be clarified, and
biomarkers capable of predicting the diagnosis and
prognosis of LIHC patients and guiding LIHC treatment
should be studied.

Ferroptosis refers to a novel cell death mode that is
determined by iron and reactive oxygen species (ROS)
[5, 6]. In general, it is accompanied by considerable iron
accumulation and lipid peroxidation during ferroptosis
[7, 8]. Ferroptosis is primarily characterized by an
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obvious mitochondrial contraction in the morphology, a
significant increase in the membrane density, and the
reduction or the disappearance of mitochondrial cristae,
which is inconsistent with autophagy, apoptosis and
other programmed death patterns [9-11]. As reported in
existing studies, ferroptosis is associated with various
diseases including malignant tumor [5, 12]. According
to recent studies, ferroptosis is critical to kill cancer
cells and inhibit tumor growth, and cisplatin and other
chemotherapy drugs combined with ferroptosis inducer
Erastin exert synergistic effects on cancer treatments
[10]. For the mentioned reasons, targeted ferroptosis
may be a novel tumor treatment method.

Tumor microenvironment (TME) refers to the growth
and survival of a tumor or cancer stem cell, which
consists of the surrounding immune cells, blood vessels,
extracellular matrix, lymphocytes, etc. [13]. Cells in
tumor microenvironment are involved in various
immune reactions and activities of tumors. For instance,
macrophages are capable of promoting tumor cells to
escape into the circulatory system, and it can also
inhibit anti-tumor immunity [14]. Fibroblasts can allow
cancer cells to migrate from the primary site to the
blood to cause systemic metastasis of tumors [15].
Thus, tumor microenvironment critically impacts the
occurrence and development of cancer, immune escape
and immunotherapy response, which can cause a range
of biological behaviors to change [16, 17]. As reported
in existing studies, cancer cells can activate different
immune checkpoint inhibitors (immune checkpoint
inhibitors, ICIs). Among immune checkpoint inhibitors,
the PD-1/PD-L1 and CTLA4 inhibitors exhibit high
efficacy. However, immune checkpoint inhibitors can
only benefit a small number of patients, and low
immune response rates and immune-related adverse
reactions remain in some patients [18, 19]. However,
since immune response acts as a complex process,
biomarkers or models to predict the efficacy of ICls
should be capable of distinguishing effective and
ineffective patients. Currently, numerous studies
primarily examined biomarkers (e.g., immune cell
infiltration, PD-L1 overexpression, copy number
change and somatic mutation) [20]. As impacted by the
individual differences and tumor heterogeneity, the
accuracy of biomarker prediction will change. In this
study, combined with the LIHC data in the TCGA and
the GEO, the immune cell infiltration, ferroptosis genes
mutation and copy number change of the TME in LIHC
were comprehensively analyzed, and the ferroptosis
scoring model was built to quantify the expression level
of immune checkpoint inhibitors (e.g., the PD-1, PD-L1
and CTLA4) in LIHC patients, and then the prognosis,
tumor microenvironment and application prospect of the
immunotherapy in LIHC patients were analyzed and
predicted.

RESULTS

Somatic mutation and copy number variation (CNV)
of LIHC ferroptosis genes

Clinical characteristics of included LIHC cases from the
TCGA database is shown in Table 1. The CNV and
somatic mutation frequency of 40 ferroptosis genes in
LIHC was first analyzed. According to the results,
ferroptosis genes in LIHC generally increased in copy
number. However, the frequency of missing copy
number for ACSL1, ACSL5, SLC39A14, SLA39A8,
MAP1LC3B, ATG5, ALOX15, TP53, CYBB and SAT2
exceeded that of copy number increase (Figure 1A).
Figure 1B presents the location of ferroptosis genes
copy number changes on human chromosomes. For
ferroptosis genes, 139 (38.19%) of the 364 samples had
somatic mutations, and the maximal mutation frequency
was TP53, which mutated in 109 samples (30%) (Figure
1C). The expression level of ferroptosis gene in normal
and LIHC tissues was examined. As revealed from the
results, most ferroptosis gene expression was up-
regulated in LIHC tissues, while ACSL5, CP, HMOX1,
PRNP, SLC39A14, SLC39A8, and TF expressions in
normal tissue were significantly higher than those in
tumor tissues (Figure 1D).

Ferroptosis genes subtype, biological function analysis
and immune cell infiltration analysis among different

subtype

The TMB of the combined LIHC samples is shown
in Supplementary Table 1. To verify whether 40
ferroptosis genes are correlated with the prognosis of
LIHC, it was found that 29 ferroptosis genes including
TP53 could act as a prognostic biomarker of LIHC by
univariate COX analysis (Supplementary Table 2). 538
LIHC samples were clustered according to the
expression level of ferroptosis genes, which were
divided into Ferrcluster A to C. Among them, there
were 213 cases in cluster A, 222 cases in cluster B, and
103 LIHC patients in cluster C (Supplementary Table
3). The survival analysis indicated a difference in the
survival among the three types of LIHC patients (P=0.
016). The overall survival rate of patients with
Ferrcluster A and C reached over that of Ferrcluster B.
According to the results of the heat map, most
ferroptosis genes were slightly expressed in Ferrcluster
A and highly expressed in Ferrcluster B. Moreover,
there were more patients with advanced stage and death
in Ferrcluster B, which further explained why the
overall survival rate of s Ferrcluster B was lower than
that of Ferrcluster A and C (Figure 2A, 2B).

As indicated from the GSVA enrichment analysis,
the Ferrcluster A was mainly enriched in “Olfactory
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Table 1. Clinical

characteristics of

included LIHC cases from the TCGA

database.

TCGA cohort

Case size (%)

Age (years)
Mean+£SD
Sex
Female
Male
Grade
Gl

G2

G3

G4
Unknow
Stage

|

1

1l

v
Unknow
T stage
Tl

T2

T3

T4
Unknow
N stage
NO

N1
Unknow
M stage
MO

M1
Unknow

59.57+13.33

121(32.18)
255(67.82)

55(14.63)

180(47.87)

123(32.71)
13(3.46)
5(1.33)

175(46.54)

87(23.14)

85(22.61)
5(1.33)
24(6.38)

185(49.20)

95(25.27)

80(21.28)
13(3.46)
3(0.80)

256(68.09)
4(1.06)
116(30.85)

271(72.07)
4(1.06)
101(26.86)

transduction” and “cardiac music contraction”. The
Ferrcluster B was largely enriched in the “mTOR
signaling pathway” and ‘“neurotrophin signaling
pathway”. Ferrcluster C was mainly enriched in
“adipokine signaling pathway”, “tyrosine metabolism”
and “PPAR signaling pathway” (Figure 2C—2E). TME
immune cell infiltration analysis showed that
Ferrcluster B had very rich immune cells (e.g., B cell,
CD4 * T cell, immune B Cell, natural killer T cell,
MDSC, macrophagena as well as master cell), and the
Ferrcluster C was significantly lower than the other two
types of B cells and T cells. (Figure 2F). Subsequently,
the principal component analysis of three different
subtypes of ferroptosis reported a difference between

the three different subtypes, i.e., ferroptosis-related
gene could successfully distinguish the LIHC sample
(Figure 2G).

Differential gene screening and prognosis gene
subtype

To study the potential biological behavior among the
three types in depth, the filter condition was set as
regulated P value < 0.01. On the whole, 1039 differential
genes were obtained in three subtypes of LIHC (Figure
3A and Supplementary Table 4). The differential genes
were subjected to GO and KEGG enrichment analysis
using clusterProfiler (Figure 3B-3E). Subsequently,
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univariate COX analysis was conducted for the
prognostic analysis of the 1039 differential genes to
screen the prognostic genes. Moreover, the cluster
analysis of prognostic genes was conducted to classify
LIHC patients into three gene subtypes. To be specific,
169 LIHC patients were ferroptosis Genecluster A, 115
patients were ferroptosis Genecluster B, and 201 patients
were ferroptosis Genecluster C (Supplementary Table 5).
The survival analysis reported a difference in the survival
among the three gene subtypes (P < 0.001), and the
overall survival rate of Genecluster A and Genecluster C
reached over that of Genecluster B (Figure 3F). The box
chart presents the distribution of ferroptosis gene in three
gene subtypes (Figure 3G). As suggested from the heat
map results, LIHC patients in Genecluster B were mainly
patients with stage III — IV, and most patients died of
LIHC. As opposed to the mentioned, LIHC patients in
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Genecluster A and C were mainly patients with stage
I — 1I, and the survival state was primarily survival
patients (Figure 3H).

Construction of ferroptosis scoring model

With a view to the individual heterogeneity and
complexity of LIHC patients, we built a scoring model
based on the mentioned prognosis-related ferroptosis
genes, so as to accurately predict the prognosis and
immunotherapy prospect of a single LIHC patient,
quantify the ferrscore of LIHC patients, and facilitate
individualized treatment (Supplementary Table 6).
Sankey diagram presents the attribute variations of
individual patients (Figure 4A). In accordance with cut-
off values, 97 LIHC patients were classified as high-
ferrscore groups. 388 patients were in the low-ferrscore
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Figure 1. Analysis on ferroptosis genes variation and its expression in LIHC. (A) Frequency of copy number change of 40 ferroptosis
genes in LIHC; the height of the column represents the frequency of change; the green dots represent the frequency of deletions; red dots
represent copy number increase frequency. (B) 23 pairs of human chromosomal ferroptosis gene copy number change position. Red dot
represents that the sample with the increased copy number was larger than that with the deletion copy number, while blue dot represents
the opposite. (C) Somatic cell mutation of ferroptosis genes in 364 LIHC samples was detected, and 139 (38.19%) had mutations. The maximal
mutation frequency was TP53. The upper bar graph presents TMB, and the number on the right represents the mutation frequency of the
respective regulator. The bar graph on the right illustrates the proportion of the respective mutation type, and the bar graph below
represents mutation transformation. (D) Expression of Ferroptosis genes in normal and LIHC samples (***P < 0.001, **P < 0.01, *P < 0.05).
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group (Supplementary Table 7). As indicated from the
histogram results, the ferrscore of patients who died of
LIHC was larger than that of patients who survived LIHC
(P = 0. 041) (Figure 4B). The survival patients took up
73% of the low-ferrscore group; 55% of the patients
survived in the high-ferrscore group. The survival analysis
revealed the differences in the survival between high- and
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Figure 2. Ferroptosis genes subtype, pathway enrichment analysis and TME infiltration.

low-ferrscore groups, and the high-ferrscore group had
significantly lower survival than the low-ferrscore group
(P < 0.001) (Figure 4C, 4D). For the correlation between
the ferrscore and immune cells, ferrscore was negatively
correlated with CD8*T cell, Eosinophil, Macrophagena,
Mast. Cell, Monocyte, Neutrophilia and other immune
cells, and it was positively correlated with CD4*T
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(A) GEO and TCGA cohort were

combined, and unsupervised cluster analysis was conducted on 538 LIHC samples, i.e., 213 cases with Ferrcluster A, 222 cases with
Ferrcluster B and 103 cases with Ferrcluster C. Kaplan-Meier curve showed statistically significant difference in the survival among the three
types (P=0. 016). (B) Thermogram results showed the expressions of different clinical traits in the three types. (C-E) The GSVA enrichment
analysis reported the activation of pathways among different subtypes. The heat maps illustrate the mentioned biological processes; red
represents the activation pathway, and blue represents the inhibitory pathway; (C) Ferrcluster A vs. Ferrcluster B; (D) Ferrcluster A vs.
Ferrcluster C; (E) Ferrcluster C vs. Ferrcluster B. (F) The infiltration of immune cells in TME in 3 subtypes, the upper and lower ends of the box
indicate the quartile range of the value. The lines in the box denote the median value (***P < 0.001, **P < 0.01, *P < 0.05). (G) Principal

component analysis indicated significant differences in the three types.
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Figure 3. Screening differential gene among the subtypes of differential genes. (A) Wayne diagram was adopted to screen the
difference genes in the three types, and 1039 genes were obtained after taking the intersection. (B—E) GO and KEGG enrichment analysis
were performed on the intersection gene. (F) Cluster analysis was conducted on the intersection gene, and the patients fell to ferroptosis
Genecluster A-C, with Genecluster A, B, and C as 169, 115, and 201 patients, respectively. (G) Expressions of ferroptosis genes in three gene
clusters. (H) Thermogram showed the expression of clinical features among the three gene clusters. (***P < 0.001, **P < 0.01, *P < 0.05).
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Figure 4. The built ferroptosis scoring model. (A) Sanky diagram is used to show the attribute changes of individual liver cancer
patients, showing the relationship between ferrcluster, genecluster, ferrscore and survival status. (B) Box chart shows ferrscore of dead and
surviving patients, and the difference showed statistical significance (P < 0.05). (C) The survival status of patients in the high and low ferrscore
groups, red represents death and blue represents survival. (D) Kaplan-Meier curve was used to analyze the survival of patients with high and

www.aging-us.com

24871

AGING



low ferrscore liver cancer (P < 0.001). (E) The Spearman correlation analysis was conducted to examine the relationship between ferrscore
and immune infiltrating cells. (F) The Kruskal-Wallis test was carried out to compare the statistical differences in the three types of Ferrcluster
A-C (P < 0.001). (G) The Kruskal-Wallis test was performed to compare the statistical differences among the three gene subtype ferroptosis

Genecluster Ato C (P <0.001).

cell, Type. 2. T. helper. cells (Figure 4E). According to
the results of the Kruskal-Wallis test, the ferroptosis
genes cluster and the Ferrcluster were significantly
inconsistent with the ferrscore, and the medians of the
Ferrcluster B and the Genecluster B demonstrated the
median scores of the Ferrcluster A and the Genecluster
B as the maximal, while those of the Ferrcluster A and
the Genecluster B as the minimal (Figure 4F, 4G).

Ferroptosis score and TMB analysis and somatic
mutation

Given the cut-off value and TMB data of LIHC patients,
LIHC patients fell to the high and low mutation load
groups. To be specific, 49 LIHC patients were in the
high mutation load group, and 306 patients existed in
the low mutation load group. The survival analysis
suggested a difference in the survival between the high
and low tumor load groups (P < 0.001). The low
mutation load group achieved the better survival than
the high mutation load group (Figure 5A). As indicated
from the joint analysis for ferrscore and the TMB
analysis, the low TMB group combined with the low-
ferrscore group achieved the optimal survival, the
survival of the high tumor mutation group combined
with the high-ferrscore group was the worst; the
difference was statistically significant (P < 0.001)
(Figure 5B). Moreover, the “Maftools” package was
adopted to analyze the somatic mutations in the high-
and low-ferrscore groups in the TCGA-LIHC cohort.
The relevant results are presented in the figure, and the
somatic mutation rate of the low-ferrscore group
reached 85.66%, of which the CTNNB1 mutation rate
was the maximal (27%), mainly the missense mutation.
The mutation rate in the high-ferrscore group was
81.11%, of which the TP53 mutation rate was the
maximal (50%), primarily the missense mutation
(Figure 5C, 5D).

Clinical application of ferroptosis score and analysis
of immunotherapy prospect

Whether the ferroptosis scoring model is suitable for
LIHC patients with different stages was verified, and
there were 345 patients with stage | — I1. To be specific,
57 cases were from the high-ferrscore group, 288
patients were in the low-ferrscore group. 114 patients
had stage III — IV, including 34 cases in the high-
ferrscore group. As suggested from the results of the
survival analysis, the difference between the high- and

low-ferrscore groups was statistically significant
(P < 0.05) (Figure 6A, 6B), and this ferroptosis scoring
model was suggested to be suitable for clinically
patients with stage I-1V in clinical practice. The
expression of immune checkpoint inhibitor genes PD-
1/PD-L1 in the high/low-ferrscore groups was assessed.
As revealed from the results, the expression of PD-
1/PD-L1 in the high-ferrscore group was significantly
higher than that in the low-ferrscore group (Figure 6C,
6D). According to the immunotherapy results, the low-
ferrscore group received the PD-1, and these patients
having received the combination of the PD-1 and the
CTLA4 achieved the better results than the high-
ferrscore group (P < 0.05) (Figure 6E, 6F). The CTLA4
treatment alone did not differ in the high/low-ferrscore
groups (P > 0.05) (Figure 6G).

DISCUSSION

Ferroptosis refers to an iron-dependent, non-apoptotic
form of cell death. It can occur in numerous organ
systems, which is associated with considerable diseases
(e.g., central nervous system degenerative disorders,
antiviral immune response and tumor) [7]. As the most
influential anti-cancer treatment method over the past
few years, it plays a role by activating the killing
activity of T cells. Wang et al. [21] reported that CD8*T
cells, classic tumor kill T cells, inhibit cystine uptake by
tumor cells by down-regulating SLC3A2 and
SLC7AL11, as an attempt to enhance Ferroptosis-specific
lipid peroxidation in tumor cells. After the anti-PD-L1
treatment with an immune checkpoint inhibitor, the
ferroptosis-specific lipid peroxidation levels were
significantly elevated. However, blockage of ferroptosis
results in a significant decrease in the sensitivity of
tumor cells to immunotherapy, showing that ferroptosis
can increase the anti-tumor efficacy of the immune
system [22]. In LIHC, sorafenib, the only approved
first-line treatment drug for advanced LIHC, is capable
of playing a cytotoxic role in LIHC by inducing
ferroptosis [23]. Accordingly, ferroptosis, a biological
process that can affect both the immunotherapy of
LIHC and sorafenib, may significantly impact the
clinical treatment of LIHC.

In the present study, the somatic mutation rates, CNV
and TMB of 40 ferroptosis genes in LIHC was initially
analyzed. In addition, TP53 achieved the maximal
mutation rate according to the results. TP53 plays
a dual role in tumor ferroptosis. EXisting studies
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reported that TP53 can inhibit SLC7A1l to enhance
ferroptosis. In colorectal cancer, the activity of DPP4
is blocked by transcription-independent method, so as
to inhibit Ferroptosis [24, 25]. However, the effect of
TP53 in LIHC remains to be unclear. Subsequently,
TCGA and GEO databases are combined. According
to the expression level of ferroptosis genes, LIHC
samples fell to the Ferrcluster A-C. TME immunocyte
infiltration analysis indicated the significantly
different characteristics of infiltrated immunocytes
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in the three types. The occurrence and development
of cancer were affected by TME infiltration and
associated with the host immune system [26]. Thus,
TME components and immune system biomarkers are
crucial for predicting the therapeutic efficacy and
prognosis of patients [27].

As revealed from existing studies, according to
the infiltration of immune cells, the immune micro-
environment generally falls to three types, i.e., the
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Figure 5. Ferroptosis score and tumor mutation analysis. (A) The Kaplan-Meier curve was adopted to analyze the survival of patients
with liver cancer in the high and low ferrscore groups (P < 0.001). (B) The survival analysis of patients stratified with the ferrscore and
the TMB by using the Kaplan-Meier curve (H=high; L=Low). A cascade chart of tumor somatic mutation established by patients with
low ferrcore (C) and high ferrscore (D). Each column represents an individual patient. The bar chart above shows the TMB, and the
number on the right represents the mutation frequency of the respective gene. The bar chart on the right presents the proportion of each

mutation type.
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immune rejection, the immunoinflammatory type as well
as the immune desert type. The mentioned phenotypes
prevent immune response from removing tumor cells
through their own unique mechanism. In the present
study, according to the difference of immune cell
infiltration among the three types, Ferrcluster A may be
immuno-inflammatory, which is characterized by
infiltration of immune cell subtypes. The main reason is
the increase of TIL. Ferrcluster B may be immune
rejection. Despite the abundant infiltration of immune
cells, the aggregated immune cells increased at the edge
of the infiltration, and no effective infiltration was
achieved. Ferrcluster C may be immune desert type, and
the main reason is the lack of activation and initiation of
T cells [28]. As suggested from the survival analysis, the
cluster B patients achieved the significantly lower overall
survival rate than the cluster A and the cluster C, which
might be related to its immune rejection type. Combined
with the results of GSVA analysis, the Ferrcluster B
might inhibit the anti-tumor effect exerted by immune
cells via the mTOR signaling pathway, which was
consistent with the existing reports that mTOR, i.e., a
central integration factor of intracellular and extracellular
growth signals and cell metabolism, critically impacts the
development and activation of immune cells [29].
Accordingly, the immune cell analysis based on the TME
infiltration is capable of predicting the survival of LIHC
patients clinically.

Subsequently, the potential biological behaviors among
the three genotypes were analyzed by screening
the differential gene of the three genotypes. the
Univariate COX analysis was conducted to screen
the prognosis-related differential genes, and the gene
subtype analysis was conducted. The survival analysis
reported the differences among the three gene types.
Given the individual heterogeneity of ferroptosis genes
and the heterogeneity and complexity of LIHC patients,
a ferroptosis scoring model (using the ferrscore as a
quantitative indicator) was built to quantitatively
analyze individual LIHC patients. Consistent with the
ferrcluster survival analysis, the overall survival rate of
the Genecluster B was lower than that of the
Genecluster A and C as well. Furthermore, the higher
the ferrscore, the worse the survival would be. As the
immune rejection type, the Ferrcluster B and the
Genecluster B achieved the maximal scores, while as
the immune inflammation type, the Ferrcluster A and
the Genecluster A had the minimal scores, suggesting
that based on the proposed ferroptosis scoring model, it
has high clinical practicability, can analyze the type of
TME infiltration in a single LIHC patient, and can also
play a role in predicting the prognosis of LIHC patients.

In addition, this study revealed somatic mutations in the
high and low ferrscore groups. In the high ferrscore
group, the mutation rate of TP53 was 50%, complying

A Patients with I-1I B Patients with Ill-IV C D
Femrscore <= High == Low Ferrscore <= High == Low Ferrscore B8 Low BE High Ferrscore B8 Low Bl Hgh
1.00 1.00 P = 0.0036 P =79-05
— =08 — b1l
z z s 1 i :
5 075 5075 4 H
2 3 : |
8 8
a 050 A 050 5 5 N
zo2s{ o, zo2s{ 5 g &
a P=0.010 a P=0.003 H 8,
000 0.00 &3 g
o 1 2 3 4 5 & 7 8 2 10 o 1 2 3 4 5 & 7 a 2 10 a o
Time(years) Time(years) 1 .
2
2 2 .
BHgh{s7 35 17 12 7 4 4 1 0 0 8 '-w;h1 4 4 6 2 2 0 0 O o 0 0
© low]288 J05 122 85 57 32 19 7 4 ] Plow|BD 50 26 7 i3 7 5 2 2 1 g
g o 1 2 3 4 5 8 7 8 8 10 g o 1 2 3 4 5 B8 7 8 8 10 Low High Low High
Time(years) Time(years) Ferrscore Ferrscore
E Ferrscore [l Low [l vier F Ferrscore [l cow [l ver G Ferscore [l Low [ vor
P=oo0m P= oz P= 0058
10.0 10
@ e o
4 S g
] d q
5
g7 B B
] S g
t‘ 1‘ & q‘
3 ] 2
":\ 3\ ‘G\
g 50 8 86
3
4
25
Low High

High Low

Ferrscore

Ferrscore

High
Ferrscore

Figure 6. Application of the ferroptosis scoring model in clinic and prospect of immunotherapy. (A, B) The Kaplan-Meier curve
was adopted to analyze the survival of |-V liver cancer patients in the high and low ferrscore groups (P < 0.001). (C, D) The Wilcoxon test was
performed to analyze the expression of PD-1/PD-L1 in the high and low ferrscore groups, and the difference showed statistical significance
(P <0.05). (E, F) Patients with low ferrscore received the PD-1, and these patients having received the combination of the PD-1 and the CTLA4
achieved more effective results than patients with high ferrscore. In panel (G), no difference was reported in the CTLA4 treatment between

high and low ferrscore groups (P = 0.058).
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with the result achieved in existing studies. On the
whole, TP53 mutations were missense mutations [30,
31]. In the low-ferrscore group, however, the maximal
mutation frequency was CTNNBL1 (27%). As reported
from existing studies, CTNNB1 mutations occur in
nearly 19%-26% of LIHC patients, capable of activating
Whnt-B-catenia signaling pathway and promoting tumor
progression [32]. It has been reported that TMB (TMB)
may act as a biomarker for ICIs prediction as well. The
higher the TMB, the better the responsiveness to ICls
will be [33]. The present study found the minimal
survival rate of patients in the group with high TMB
combined with high ferrscore, and patients with low
TMB and low-ferrscore achieved the maximal survival
rate. In addition, the blockage of PD-1/PD-L1 inhibitory
pathway could activate T cells in TME and release
inflammatory cytokines and cytotoxic particles to
eliminate tumor cells. PD-1/PD-L1 expression detection
in tissues has been suggested as the optimal way to
indicate the efficacy of PD-1/PD-L1 treatment in
patients [34]. With the use of the proposed model, this
study reported that the high-ferrscore group had the
higher expression level of PD-1/PD-L1. Lastly, the
efficacy of the combination therapy of PD-1 and
CTLA4 in LIHC patients was assessed. Nevertheless,
there are still many shortcomings in this study,
including the relatively uneven distribution of sample
size after cluster typing, and the prognosis of patients
with high- and low-ferrscore groups still needs internal
verification. In addition, the predictive efficacy of
ferroptosis score in clinical immunotherapy of LIHC
patients still needs to be further evaluated and verified.

CONCLUSIONS

In brief, based on the ferroptosis scoring model built in
this study, the infiltration of the TME immune cells in
LIHC patients could be comprehensively assessed to
determine the different immunophenotypes of LIHC
patients, as well as the correlation between the ferrscore
and clinicopathological characteristics of LIHC patients.
Such a model can accurately predict the survival rate of
LIHC patients, and it critical to assessing the sensitivity
of patients to the PD-1/PD-L1 inhibitors and the
efficacy of combination therapy of the PD-1 and the
CTLA4 on LIHC patients. This study could present
more insights into the clinical immunotherapy of LIHC
and formulate novel strategies to develop LIHC drugs.

MATERIALS AND METHODS
Data acquisition and processing
The transcriptome data and clinical data of LIHC

originated from TCGA GDC (https://portal.gdc.
cancer.gov/) database. The R language (version 4.0.2)

and the “Bioconductor limma” package were adopted to
classify the transcriptome data, and transform the RNA
sequencing data (FPKM value) to the TPM value
(transcripts per kilobasemillion). With “heptocelluar
carcinoma survival” as the keyword, the probe matrix
file and the platform annotation file of LIHC were
downloaded from GEO (Gene-Expression Omnibus,
https://www.ncbi.nlm.nih.gov/geo/) database, and the
matrix file should involve the survival time and survival
status of the patients. GSE76427 contained 116 patients
with LIHC, and the clinical data of the patients were
complete and qualified to be included in the subsequent
analysis here. The LIHC somatic mutation data
originated from TCGA. Furthermore, the data of LIHC
Copy Number Variation (CNV) originated from the
UCSC xena (https://xena.ucsc.edu/) database.

CNV and mutation analysis of ferroptosis genes

The CNV increase or deletion frequency of ferroptosis
was determined, as presented in the form of histogram.
Based on the “RCircos” R package, the CNV of 40
Ferroptosis gene on 23 pairs of human chromosomes
was analyzed [35]. With the “maftools” R package, an
investigation was conducted on the mutation frequency,
mutation type and base change of the ferroptosis-related
gene in the TCGA-LIHC cohort [36].

Combination of TCGA and GEO data and ferroptosis
genes subtype analysis

The TCGA-TPM data of the LIHC and the GEO data
GSE76427 was merged by adopting the “sva” R packet,
and the expression level of ferroptosis genes was
extracted. TP53, which has the maximal mutation
frequency, was used as gene in mutation group. The
expression of ferroptosis genes in TP53 wild type and
mutant type was analyzed using the “ggpubr” R
package [37], and the results are illustrated in box chart.
The clinical data of TCGA and GEO were combined,
and the survival time and survival status were
preserved. The Univariate Cox regression analysis was
conducted to determine whether 40 ferroptosis genes
were prognosis-related genes, where P < 0.05 indicates
that it is related to prognosis; the Kaplan-Meier survival
analysis was conducted to plot the survival curves [37].
According to the expression of ferroptosis genes, the
“Conensus ClusterPlus” software package was adopted,
and the clustering algorithm was used to carry out
ferropism gene subtype based on 1,000 iterations and a
resampling rate of 80%, with the maximum subtype of 9
[38]. The principal component analysis (PCA) was
conducted to verify whether ferropism gene can
separate samples with different subtypes. The Kaplan-
Meier survival analysis was conducted to verify
whether there are survival differences between different
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subtypes. By combining clinical data (e.g., the TCGA
and GEO survival status, age, gender and stage), the
ferropism gene subtype heat map was generated.

Gene set variation analysis (GSVA) and immunocyte
infiltration analysis

To verify whether there are functional and pathway
differences in the three subtypes of LIHC, the “c2. cp.
kegg. v7.4. symbols.gmt” gene set file was downloaded
from the MsiDB database (http://www.gsea-
msigdb.org/). The GSVA analysis was conducted by
complying with the “GSEABase” and “GSVA” R
package [39]. The GSVA is a non-parametrical and
unsupervised method, commonly employed to estimate
the variation in path and biological process activity in
the samples of expression datasets [39]. The regulated P
value < 0.01 showed the statistically significant
difference. The results are illustrated in the heat map.

The SSGSEA (Single-Sample Gene-Set Enrichment
Analysis) algorithm was adopted to assess the infiltration
content of immune cells in different subtypes of LIHC
[40]. The immune data set file of tumor invasive immune
cell types originated from the studies of Charoentong,
and Charoentong stored human immune cells with
various subtypes (e.g., activated CD8*T cells, activated
dendritic cells, macrophages, natural killer T cells and
regulatory T cells) [41]. The SSGSEA algorithm was
adopted to calculate the score of each immune cell,
thereby analyzing the infiltration content of immune cells
among different subtypes of LIHC [40].

Differential gene analysis among different subtypes of
ferroptosis and screening of prognosis-related genes

Based on the expressions of 40 ferroptosis genes, the
filter condition was set as regulated P value < 0.01. With
the classical Bayesian method of R language limma
package, the differential genes in the three types of
LIHC were analyzed. The GO and KEGG enrichment
analysis were conducted to examine the main functions
and pathways involved by the differential genes [42].
Given the expression file of the differential genes, the
prognosis-related gene was screened through the
univariate COX analysis, and P < 0.05 indicated the
association with prognosis. The consensus clustering
algorithm was adopted to define the number of gene
clusters as well as their stability, Kaplan-Meier survival
analysis was conducted to determine the survival
differences among different subtypes.

Construction of ferroptosis scoring model

The principal component analysis (PCA) method was
conducted to build the ferroptosis scoring model, and

principal component 1 and principal component 2 were
selected as signature scores. Ferroptosis score

(ferrscore) = ZPC1i+PC2i (where i denotes the

expression amount of prognosis-related Ferroptosis
gene) [43]. The ferrscore of the respective LIHC sample
was determined by the formula. To conduct the survival
analysis, the SurvMiner R software package was
adopted to determine the cut-off values of the respective
dataset subgroup [37]. The “Surv-Cutpoint” function
repeatedly testing all possible tangent points to
determine the maximum rank statistic was adopted for
the dichotomy of ferrcore. Subsequently, patients were
classified as the high and low ferrscore groups based on
the log-ranking statistics of the largest choice to reduce
the computational batch effect. The “survminer” R
package was adopted, and the Kaplan-Meiersurvival
analysis was conducted to examine the survival
differences between the high and low ferrscore groups
[37]. The alluvial diagram was used to visualize the
changes in individual patient attributes.

Analysis on ferroptosis score and LIHC mutation
burden

The “corrplot” R package was adopted, the filter
condition was set as P < 0.05, and the correlation graph
of ferrscore and immune cells was drawn. “ggboxplot”
R package was used to analyze whether there were
differences in ferrscore between ferrcluster and
genecluster, and P value < 0.05 means that the
difference showed statistical significance. According to
the surv-cutpoint command of “suivminer” R package,
the LIHC samples were classified as the high and low
mutation load groups. Kaplan-Meier was adopted to
analyze the survival difference between high and low
mutation loads. The TMB and ferrScore groups were
combined, and the joint survival curve was drawn.
Based on the “maftools” R package, the gene mutation
situation in the high and low ferrscore groups was
analyzed and the oncoplot command was used to
visualize the data and generate the waterfall plot [36].

Clinical application and immunotherapy prospect of
ferroptosis scoring model

The clinical application scope of ferrscore model was
first assessed, so as to analyze whether ferrscore is
capable of distinguishing different clinical stages of
LIHC, the survival status of the LIHC, as well as
whether the ferroptosis gene can successfully predict
the response of LIHC patients to immune checkpoint
inhibitors. The boxplot of the PD-1/PD-L1 expression
in the high and low ferrscore groups was drawn. The
immune score file of LIHC originated from the TCIA
(https://tcia.at) database, and the difference between
ferroptosis score and immunotherapy score was
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examined, as an attempt to analyze the efficacy of the
PD1 and the CTLA4 and their combination treatment in
patients with high and low ferrscore groups.

Statistical analysis

All data processing complied with the R software
(version 4.0. 2). The one-way ANOVA and the Kruskal-
Wallis test were performed to compare the differences
among three or more groups. The Kaplan-Meier method
was adopted to plot the prognosis curve, and the
logarithmic rank test was performed to determine the
significance of the difference. The Spearman test was
performed to conduct the correlation analysis. All
statistical P values were bilateral, and P < 0.05 was the
statistically significant difference.

Abbreviations

CNV: Copy Number Variation; CTLA4: cytotoxic T-
lymphocyte associated protein 4; FRGs: ferroptosis-
related genes; ICls: immune checkpoint inhibitors;
LIHC: liver hepatocellular carcinoma; OS: overall
survival; PD-1: programmed cell death 1; PCA:
principal component analysis; ROS: reactive oxygen
species; TCGA: The Cancer Genome Atlas; TIME:
tumor immune microenvironment.

AUTHOR CONTRIBUTIONS

LG conceived and designed the study, and wrote the
manuscript. LG, JX and XL performed the analysis and
prepared figures and tables. LC, RW and LL helped to
analyze the data and revised the manuscript. All authors
approved the final version of the manuscript.

CONFLICTS OF INTEREST

The authors have declared that no conflicts of interest
exist.

FUNDING
The authors declare no funding provided for this study.
REFERENCES

1. Marrero JA. Hepatocellular carcinoma. Curr Opin
Gastroenterol. 2006; 22:248-53.
https://doi.org/10.1097/01.m0g.0000218961.86182.8c
PMID:16550039

2. Forner A, Reig M, Bruix J. Hepatocellular carcinoma.
Lancet. 2018; 391:1301-14.
https://doi.org/10.1016/50140-6736(18)30010-2
PMID:29307467

10.

11.

12.

Page AJ, Cosgrove DC, Philosophe B, Pawlik TM.
Hepatocellular carcinoma: diagnosis, management,
and prognosis. Surg Oncol Clin N Am. 2014;
23:289-311.
https://doi.org/10.1016/j.s0c.2013.10.006
PMID:24560111

Couri T, Pillai A. Goals and targets for personalized
therapy for HCC. Hepatol Int. 2019; 13:125-37.
https://doi.org/10.1007/s12072-018-9919-1
PMID:30600478

Dixon SJ. Ferroptosis: bug or feature? Immunol Rev.
2017; 277:150-57.
https://doi.org/10.1111/imr.12533 PMID:28462529

Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ,
Yang WS, Fridman DJ, Wolpaw AJ, Smukste |, Peltier
JM, Boniface JJ, Smith R, Lessnick SL, Sahasrabudhe S,
Stockwell BR. RAS-RAF-MEK-dependent oxidative cell
death involving voltage-dependent anion channels.
Nature. 2007; 447:864—68.

https://doi.org/10.1038/nature05859 PMID:17568748

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R,
Zaitsev EM, Gleason CE, Patel DN, Bauer AJ, Cantley
AM, Yang WS, Morrison B 3rd, Stockwell BR.
Ferroptosis: an iron-dependent form of nonapoptotic
cell death. Cell. 2012; 149:1060-72.
https://doi.org/10.1016/j.cell.2012.03.042
PMID:22632970

Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, Kang R,
Tang D. Ferroptosis: process and function. Cell Death
Differ. 2016; 23:369-79.

https://doi.org/10.1038/cdd.2015.158 PMID:26794443

Yang WS, Stockwell BR. Synthetic lethal screening
identifies compounds activating iron-dependent,
nonapoptotic cell death in oncogenic-RAS-harboring
cancer cells. Chem Biol. 2008; 15:234-45.
https://doi.org/10.1016/j.chembiol.2008.02.010
PMID:18355723

Yu H, Guo P, Xie X, Wang Y, Chen G. Ferroptosis, a new
form of cell death, and its relationships with
tumourous diseases. J Cell Mol Med. 2017; 21:648-57.
https://doi.org/10.1111/jcmm.13008

PMID:27860262

Latunde-Dada GO. Ferroptosis: Role of lipid
peroxidation, iron and ferritinophagy. Biochim Biophys
Acta Gen Subj. 2017; 1861:1893-900.
https://doi.org/10.1016/j.bbagen.2017.05.019
PMID:28552631

Han C, Liu Y, Dai R, Ismail N, Su W, Li B. Ferroptosis and
Its Potential Role in Human Diseases. Front Pharmacol.
2020; 11:239.
https://doi.org/10.3389/fphar.2020.00239
PMID:32256352

WWWw.aging-us.com

24877

AGING


https://doi.org/10.1097/01.mog.0000218961.86182.8c
https://pubmed.ncbi.nlm.nih.gov/16550039
https://doi.org/10.1016/S0140-6736(18)30010-2
https://pubmed.ncbi.nlm.nih.gov/29307467
https://doi.org/10.1016/j.soc.2013.10.006
https://pubmed.ncbi.nlm.nih.gov/24560111
https://doi.org/10.1007/s12072-018-9919-1
https://pubmed.ncbi.nlm.nih.gov/30600478
https://doi.org/10.1111/imr.12533
https://pubmed.ncbi.nlm.nih.gov/28462529
https://doi.org/10.1038/nature05859
https://pubmed.ncbi.nlm.nih.gov/17568748
https://doi.org/10.1016/j.cell.2012.03.042
https://pubmed.ncbi.nlm.nih.gov/22632970
https://doi.org/10.1038/cdd.2015.158
https://pubmed.ncbi.nlm.nih.gov/26794443
https://doi.org/10.1016/j.chembiol.2008.02.010
https://pubmed.ncbi.nlm.nih.gov/18355723
https://doi.org/10.1111/jcmm.13008
https://pubmed.ncbi.nlm.nih.gov/27860262
https://doi.org/10.1016/j.bbagen.2017.05.019
https://pubmed.ncbi.nlm.nih.gov/28552631
https://doi.org/10.3389/fphar.2020.00239
https://pubmed.ncbi.nlm.nih.gov/32256352

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wu T, Dai Y. Tumor microenvironment and therapeutic
response. Cancer Lett. 2017; 387:61-68.
https://doi.org/10.1016/j.canlet.2016.01.043
PMID:26845449

Spill F, Reynolds DS, Kamm RD, Zaman MH. Impact of
the physical microenvironment on tumor progression
and metastasis. Curr Opin Biotechnol. 2016; 40:41-48.
https://doi.org/10.1016/j.copbio.2016.02.007
PMID:26938687

Korneev KV, Atretkhany KN, Drutskaya MS,
Grivennikov SI, Kuprash DV, Nedospasov SA. TLR-
signaling and proinflammatory cytokines as drivers of
tumorigenesis. Cytokine. 2017; 89:127-35.
https://doi.org/10.1016/j.cyt0.2016.01.021
PMID:26854213

Grivennikov SI, Greten FR, Karin M. Immunity,
inflammation, and cancer. Cell. 2010; 140:883-99.
https://doi.org/10.1016/j.cell.2010.01.025
PMID:20303878

Pitt JM, Marabelle A, Eggermont A, Soria JC, Kroemer
G, Zitvogel L. Targeting the tumor microenvironment:
removing obstruction to anticancer immune
responses and immunotherapy. Ann Oncol. 2016;
27:1482-92.
https://doi.org/10.1093/annonc/mdw168
PMID:27069014

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith
DC, McDermott DF, Powderly JD, Carvajal RD, Sosman
JA, Atkins MB, Leming PD, Spigel DR, Antonia SJ, et al.
Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med. 2012; 366:2443-54.
https://doi.org/10.1056/NEJM0a1200690
PMID:22658127

Chen DS, Mellman I. Elements of cancer immunity
and the cancer-immune set point. Nature. 2017;
541:321-30.

https://doi.org/10.1038/nature21349

PMID:28102259

Postow MA, Sidlow R, Hellmann MD. Immune-Related
Adverse Events Associated with Immune Checkpoint
Blockade. N Engl J Med. 2018; 378:158-68.
https://doi.org/10.1056/NEJMral1703481
PMID:29320654

Wang W, Green M, Choi JE, Gijon M, Kennedy PD,
Johnson JK, Liao P, Lang X, Kryczek I, Sell A, Xia H,
Zhou J, Li G, et al. CD8" T cells regulate tumour
ferroptosis during cancer immunotherapy. Nature.
2019; 569:270-74.
https://doi.org/10.1038/s41586-019-1170-y
PMID:31043744

Dunn GP, Cloughesy TF, Maus MV, Prins RM, Reardon
DA, Sonabend AM. Emerging immunotherapies for

23.

24.

25.

26.

27.

28.

29.

30.

31.

malignant glioma: from immunogenomics to cell
therapy. Neuro Oncol. 2020; 22:1425-38.
https://doi.org/10.1093/neuonc/noaals4
PMID:32615600

Nie J, Lin B, Zhou M, Wu L, Zheng T. Role of ferroptosis
in hepatocellular carcinoma. J Cancer Res Clin Oncol.
2018; 144:2329-37.
https://doi.org/10.1007/s00432-018-2740-3
PMID:30167889

Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, Baer R,
Gu W. Ferroptosis as a p53-mediated activity during
tumour suppression. Nature. 2015; 520:57-62.
https://doi.org/10.1038/nature14344

PMID:25799988

Xie Y, Zhu S, Song X, Sun X, Fan Y, Liu J, Zhong M, Yuan
H, Zhang L, Billiar TR, Lotze MT, Zeh HJ 3rd, Kang R, et
al. The Tumor Suppressor p53 Limits Ferroptosis by
Blocking DPP4 Activity. Cell Rep. 2017; 20:1692-704.
https://doi.org/10.1016/j.celrep.2017.07.055
PMID:28813679

Watnick RS. The role of the tumor microenvironment
in regulating angiogenesis. Cold Spring Harb Perspect
Med. 2012; 2:a006676.
https://doi.org/10.1101/cshperspect.a006676
PMID:23209177

Angell H, Galon J. From the immune contexture to the
Immunoscore: the role of prognostic and predictive
immune markers in cancer. Curr Opin Immunol. 2013;
25:261-67.

https://doi.org/10.1016/j.c0i.2013.03.004
PMID:23579076

Arneth B. Tumor
(Kaunas). 2019; 56:15.
https://doi.org/10.3390/medicina56010015
PMID:31906017

Microenvironment. Medicina

Jones RG, Pearce EJ. MenTORing Immunity: mTOR
Signaling in the Development and Function of Tissue-
Resident Immune Cells. Immunity. 2017; 46:730-42.
https://doi.org/10.1016/j.immuni.2017.04.028
PMID:28514674

Hainaut P, Pfeifer GP. Somatic TP53 Mutations in the
Era of Genome Sequencing. Cold Spring Harb Perspect
Med. 2016; 6:a026179.
https://doi.org/10.1101/cshperspect.a026179
PMID:27503997

Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV,
Hainaut P, Olivier M. Impact of mutant p53 functional
properties on TP53 mutation patterns and tumor
phenotype: lessons from recent developments in the
IARC TP53 database. Hum Mutat. 2007; 28:622-29.
https://doi.org/10.1002/humu.20495

PMID:17311302

WWWw.aging-us.com

24878

AGING


https://doi.org/10.1016/j.canlet.2016.01.043
https://pubmed.ncbi.nlm.nih.gov/26845449
https://doi.org/10.1016/j.copbio.2016.02.007
https://pubmed.ncbi.nlm.nih.gov/26938687
https://doi.org/10.1016/j.cyto.2016.01.021
https://pubmed.ncbi.nlm.nih.gov/26854213
https://doi.org/10.1016/j.cell.2010.01.025
https://pubmed.ncbi.nlm.nih.gov/20303878
https://doi.org/10.1093/annonc/mdw168
https://pubmed.ncbi.nlm.nih.gov/27069014
https://doi.org/10.1056/NEJMoa1200690
https://pubmed.ncbi.nlm.nih.gov/22658127
https://doi.org/10.1038/nature21349
https://pubmed.ncbi.nlm.nih.gov/28102259
https://doi.org/10.1056/NEJMra1703481
https://pubmed.ncbi.nlm.nih.gov/29320654
https://doi.org/10.1038/s41586-019-1170-y
https://pubmed.ncbi.nlm.nih.gov/31043744
https://doi.org/10.1093/neuonc/noaa154
https://pubmed.ncbi.nlm.nih.gov/32615600
https://doi.org/10.1007/s00432-018-2740-3
https://pubmed.ncbi.nlm.nih.gov/30167889
https://doi.org/10.1038/nature14344
https://pubmed.ncbi.nlm.nih.gov/25799988
https://doi.org/10.1016/j.celrep.2017.07.055
https://pubmed.ncbi.nlm.nih.gov/28813679
https://doi.org/10.1101/cshperspect.a006676
https://pubmed.ncbi.nlm.nih.gov/23209177
https://doi.org/10.1016/j.coi.2013.03.004
https://pubmed.ncbi.nlm.nih.gov/23579076
https://doi.org/10.3390/medicina56010015
https://pubmed.ncbi.nlm.nih.gov/31906017
https://doi.org/10.1016/j.immuni.2017.04.028
https://pubmed.ncbi.nlm.nih.gov/28514674
https://doi.org/10.1101/cshperspect.a026179
https://pubmed.ncbi.nlm.nih.gov/27503997
https://doi.org/10.1002/humu.20495
https://pubmed.ncbi.nlm.nih.gov/17311302

32.

33.

34,

35.

36.

Xiao X, Mo H, Tu K. CTNNB1 mutation suppresses
infiltration of immune cells in hepatocellular carcinoma
through miRNA-mediated regulation of chemokine
expression. Int Immunopharmacol. 2020; 89:107043.
https://doi.org/10.1016/j.intimp.2020.107043
PMID:33039961

Chabanon RM, Pedrero M, Lefebvre C, Marabelle A,
Soria JC, Postel-Vinay S. Mutational Landscape and
Sensitivity to Immune Checkpoint Blockers. Clin Cancer
Res. 2016; 22:4309-21.
https://doi.org/10.1158/1078-0432.CCR-16-0903
PMID:27390348

Darvin P, Toor SM, Sasidharan Nair V, Elkord E.
Immune checkpoint inhibitors: recent progress and
potential biomarkers. Exp Mol Med. 2018; 50:1-11.
https://doi.org/10.1038/s12276-018-0191-1
PMID:30546008

Zhang H, Meltzer P, Davis S. RCircos: an R package for
Circos 2D track plots. BMC Bioinformatics. 2013;
14:244.

https://doi.org/10.1186/1471-2105-14-244
PMID:23937229

Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP.
Maftools: efficient and comprehensive analysis of
somatic variants in cancer. Genome Res. 2018;
28:1747-56.

https://doi.org/10.1101/gr.239244.118
PMID:30341162

39.

40.

41.

42.

43.

https://doi.org/10.1016/j.omtn.2020.10.002
PMID:33251044

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set
variation analysis for microarray and RNA-seq data.
BMC Bioinformatics. 2013; 14:7.
https://doi.org/10.1186/1471-2105-14-7
PMID:23323831

Xiao B, Liu L, Li A, Xiang C, Wang P, Li H, Xiao T.
Identification and Verification of Immune-Related
Gene Prognostic Signature Based on ssGSEA for
Osteosarcoma. Front Oncol. 2020; 10:607622.
https://doi.org/10.3389/fonc.2020.607622
PMID:33384961

Charoentong P, Finotello F, Angelova M, Mayer C,
Efremova M, Rieder D, Hackl H, Trajanoski Z. Pan-
cancer Immunogenomic Analyses Reveal Genotype-
Immunophenotype Relationships and Predictors of
Response to Checkpoint Blockade. Cell Rep. 2017;
18:248-62.
https://doi.org/10.1016/j.celrep.2016.12.019
PMID:28052254

Zhang C, Peng L, Zhang Y, Liu Z, Li W, Chen S, Li G. The
identification of key genes and pathways in
hepatocellular carcinoma by bioinformatics analysis of
high-throughput data. Med Oncol. 2017; 34:101.
https://doi.org/10.1007/s12032-017-0963-9
PMID:28432618

Liang JY, Wang DS, Lin HC, Chen XX, Yang H, Zheng Y, Li

37. Fang Y, Huang S, Han L, Wang S, Xiong B. YH. A Novel Ferroptosis-related Gene Signature for
Comprehensive Analysis of Peritoneal Metastasis Overall ~ Survival Prediction in Patients with
Sequencing Data to Identify LINC00924 as a Prognostic Hepatocellular Carcinoma. Int J Biol Sci. 2020;
Biomarker in Gastric Cancer. Cancer Manag Res. 2021; 16:2430-41.

13:5599-611. https://doi.org/10.7150/ijbs.45050
https://doi.org/10.2147/CMAR.S5318704 PMID:32760210
PMID:34285580

38. Hong W, Liang L, Gu Y, Qi Z, Qiu H, Yang X, Zeng W, Ma
L, Xie J. Immune-Related IncRNA to Construct Novel
Signature and Predict the Immune Landscape of
Human Hepatocellular Carcinoma. Mol Ther Nucleic
Acids. 2020; 22:937-47.

Www.aging-us.com 24879 AGING


https://doi.org/10.1016/j.intimp.2020.107043
https://pubmed.ncbi.nlm.nih.gov/33039961
https://doi.org/10.1158/1078-0432.CCR-16-0903
https://pubmed.ncbi.nlm.nih.gov/27390348
https://doi.org/10.1038/s12276-018-0191-1
https://pubmed.ncbi.nlm.nih.gov/30546008
https://doi.org/10.1186/1471-2105-14-244
https://pubmed.ncbi.nlm.nih.gov/23937229
https://doi.org/10.1101/gr.239244.118
https://pubmed.ncbi.nlm.nih.gov/30341162
https://doi.org/10.2147/CMAR.S318704
https://pubmed.ncbi.nlm.nih.gov/34285580
https://doi.org/10.1016/j.omtn.2020.10.002
https://pubmed.ncbi.nlm.nih.gov/33251044
https://doi.org/10.1186/1471-2105-14-7
https://pubmed.ncbi.nlm.nih.gov/23323831
https://doi.org/10.3389/fonc.2020.607622
https://pubmed.ncbi.nlm.nih.gov/33384961
https://doi.org/10.1016/j.celrep.2016.12.019
https://pubmed.ncbi.nlm.nih.gov/28052254
https://doi.org/10.1007/s12032-017-0963-9
https://pubmed.ncbi.nlm.nih.gov/28432618
https://doi.org/10.7150/ijbs.45050
https://pubmed.ncbi.nlm.nih.gov/32760210

SUPPLEMENTARY MATERIALS

Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 1, 3—7.

Supplementary Table 1. The tumor mutation burden (TMB) of the combined LIHC samples from TCGA database.

Supplementary Table 2. Univariate COX analysis of the prognostic value of 29 ferroptosis genes for LIHC.

id HR HR.95L HR.95H pvalue km
ACSL3 1.46379818719 1.18789336299831 1.80378576020699 0.000349177122802298 6.93758387448895E-06
ACSL4 1.05654404085644 0.982239186128069 1.13646994136896 0.139322693114131 0.0397248933577504
ACSL5 1.00876523531185 0.897669844311402 1.13360976357001 0.883451769624826 0.369194106145713
ACSL6 0.859317802283831 0.716378713861807 1.03077753572723 0.102386564883129 0.022173784832195
ALOX15 1.3593995768274 0.934719154492843 1.97702935753058 0.108120017987151 0.112389499887817
ATG5 1.84129261352537 1.3462384019538 2.51839383255051 0.00013302279860234 1.56318904487307E-08
ATG7 1.69576753268569 1.1335310326705 2.53687587020551 0.0101745242290695 0.00102490601331551
CP 0.997348662669684 0.89492218928448 1.11149814681018 0.961701741153814 0.099278931189842
CYBB 1.09998379631822 0.954093364795836 1.26818233603539 0.189301537108621 0.000475761992478674
FTH1 1.34868711348237 1.09040647133635 1.66814575838328 0.00581657558398524 0.00106578980954442
FTL 1.20028169468967 0.992543336617312 1.45149948970196 0.0597312163266482 8.28693431587091E-06
FTMT 5.718637160666 1.09617964478107 29.8334411983006 0.0385535241149496 0.151357178355422
GCLC 1.02269618402473 0.847128825453001 1.23464985890364 0.815340763806589 0.141986763337725
GCLM 1.26506228417442 1.06479694484477 1.50299321442352 0.00749529487187364 0.0000679366870214304
GPX4 1.24615278713023 0.926086227435193 1.67683820671129 0.146232961433525 0.000561928133590461
GSS 1.32808306494579 0.981173335995722 1.7976483488576 0.0662220381964282 0.000084461992999163
HMOX1 1.17228828016108 1.03738393305447 1.32473597095017 0.0108230432292872 0.000991684837800433
LPCAT3 1.08196203690749 0.939106460597802 1.24654860596295 0.275552793491397 0.00402031037708828
MAPLLC3A 0.891083658228384 0.773260747004526 1.02685942489336 0.111010568361656 0.0433310862897966
MAP1LC3B 1.23526410146654 0.96825997912955 1.57589638450581 0.0890587150486061 0.0000856601843057803
MAP1LC3C 0.947068471117035 0.62619055059968 1.43237340155484 0.796683837735756 0.0354307708762689
NCOA4 1.19407896250527 0.948380477475154 1.50343095683875 0.131283761217079 0.0250329041557485
PCBP1 1.11593901249658 0.928924965177179 1.34060330628998 0.241135215252762 0.00463752073142654
PCBP2 1.92543680187583 1.41364874092777 2.6225092349212 0.000032404949655362 0.0000125267500723503
PRNP 1.16767435746238 1.00623501195887 1.35501487114911 0.0411677782875497 0.0000305036009257131
SAT1 0.911865568969191 0.716054665982726 1.16122253701167 0.454427725927531 0.018233432604589
SAT2 0.879649000195695 0.71652838042782 1.07990469698253 0.220433877232993 0.0982779752876453
SLC11A2 1.14632988016343 0.916487730383393 1.4338131876635 0.231640797775481 0.0384870692106054
SLC39A14 1.05166268738388 0.906191421918889 1.22048651232375 0.507233359320072 0.0553811538994718
SLC39A8 0.975695926391048 0.821596964594237 1.15869773356118 0.779070322910226 0.140428032819877
SLC3A2 1.24371818330628 1.00278243427249 1.54254289526808 0.0471160752786631 0.00980934143661594
SLC40A1 0.982887117348084 0.818798887805583 1.17985881495019 0.853058910133915 0.0404026921205252
SLC7A11 1.3490456715743 1.17397490595933 1.55022412724077 0.0000242597698649002 1.71137940485622E-08
STEAP3 0.956319476847638 0.841286724596093 1.08708115207359 0.494580203349751 0.137444349023113
TF 0.962473579633993 0.87093830157584 1.06362917995151 0.453167966354231 0.123248580970357
TFRC 1.12032382527174 0.953765000489936 1.31596931406244 0.166503088998337 0.00319819020799827
TP53 0.936864038591002 0.77506909954809 1.13243351762675 0.500169693151779 0.00733035655433367
VDAC2 1.56306484824683 1.14107736554308 2.14110961587789 0.00540317333945014 0.00876822404005007
VDAC3 1.20193657160917 0.972860034892673 1.48495309742164 0.088209074542794 0.00801216396042403
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Supplementary Table 3. The clustered A, B, C groups of the 538 LIHC samples according to the expression level
of ferroptosis genes.

Supplementary Table 4. The 1039 differential genes obtained in three subtypes of LIHC cases.

Supplementary Table 5. The LIHC patients were classified into three gene subtypes (A, B and C) based on the
cluster analysis of prognostic genes.

Supplementary Table 6. The ferrscore of LIHC patients based on the built scoring model.

Supplementary Table 7. The classified high- and low-ferrscore LIHC patients based on the ferroptosis scoring
model.
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