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Abstract: Objectives: Ferroptosis, a programmed cell death, has been recognized recently. Several studies have 
shown the connection between ferroptosis and biological processes in cancer. However, the potential role and 
mechanism of ferroptosis-related genes in hepatocellular carcinoma (HCC) remain unclear, and understanding the 
crosstalk between the tumor immune microenvironment and ferroptosis is still a great challenge. Method: We ret-
rospectively analyzed the transcriptomic and clinical data of HCC from TCGA database. 74 ferroptosis-related genes 
(FRGs), including 14 immune-ferroptosis-related genes (IFRGs), were identified with differential expression in tumor 
and normal tissues. Then, we screened and constructed a prognostic signature using survival analysis and the 
least absolute shrinkage and selection operator. Furthermore, we validated the performance of the signature for 
assessing survival prognosis and clinicopathological staging. In addition, we investigated the link between the prog-
nostic features and tumor-infiltrating immune cells using CIBERSORT. Result: The results identified HRAS, MAPK3 
and TFRC as prognostic IFRGs. The risk score was elevated when IFRGs were upregulated and patient outcomes 
worsened. In addition, the results show significant differences in tumor-infiltrating immune cells, especially immuno-
suppressive cells, including tumor-infiltrating macrophages cells and regulatory cells, implying that the expression 
of these three IFRGs may be an intrinsic barrier to strong ferritin-induced immune responses. Enrichment analysis 
revealed crosstalk between ferroptosis and tumor immunity. The effect of the risk score was validated in the ICGC 
cohort and the Human Protein Atlas database confirmed the high expression of IFRGs in tumor tissue. Conclusions: 
In our study, these IFRGs may provide some new ideas for the study of ferroptosis and the tumor immunity. These 
findings may also provide new strategies for treatment of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the 
most common types of liver cancer and ranks 
as the second leading cause of cancer death 
worldwide [1]. More than 900,000 people were 
estimated to suffer from HCC globally in 2020, 
and over 830,000 deaths occurred [2]. Al- 
though the hepatitis B vaccine and antiviral 
drugs seem to decrease the rate of HCC mor-
bidity yearly, China is still a high-risk area for 
HCC, and it still accounts for over half of liver 
cancer deaths worldwide [2-4]. The treatment 
of HCC depends not only on the tumor stage 

but also on liver function. In the early stage, 
curative resection with chemotherapy repre-
sents the primary therapy, and for patients 
within the Milan criteria, liver transplantation 
remains the best treatment for HCC [5-7]. 
However, insidious signs lead to great difficulty 
in the diagnosis of early stage HCC, as HCC is 
usually advanced when diagnosed, and the 
overall prognosis remains poor. Immunotherapy 
and molecular-targeted therapy have been rec-
ognized as comprehensive treatment models 
for advanced HCC [7, 8]. Sorafenib is the first-
line treatment for patients with advanced dis-
ease and is the only anticancer drug that 
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causes ferroptosis in HCC [9, 10]. These stud-
ies suggest that ferroptosis and the tumor biol-
ogy of HCC are closely related. Stockwell’s 
team proposed an iron-dependent programmed 
cell death pathway called ferroptosis [11]. On 
the one hand, the disruption of iron metabolism 
causes an increase in intracellular free iron, 
which causes the generation of reactive oxygen 
species, which then leads to destruction of 
membranes. On the other hand, both glutathi-
one (GSH) depletion and glutathione peroxi-
dase 4 (GPX4) decline prohibit peroxides from 
being metabolized normally, which eventually 
compromises the integrity of cell membranes 
[12, 13]. Numerous genes are already implicat-
ed in the onset and control of ferroptosis 
according to recent investigations. These find-
ings reveal the plasticity of ferroptosis in 
tumors, including hepatocellular carcinoma 
[14-16]. In addition, the tumor immune micro-
environment (TIME) is correlated with iron 
homeostasis and metabolism in vivo, and fer-
roptosis plays a crucial role in tumor immunity, 
which has been reported to regulate the inter-
action between immune cells and the tumor 
microenvironment [17, 18]. However, the exact 
molecular mechanism, specifically in HCC, has 
not been clearly elucidated.

Herein, we retrospectively analyzed the expres-
sion profiles of ferroptosis-related genes (FRGs) 
by bioinformatics using RNA sequencing data 
from The Cancer Genome Atlas (TCGA) data-
base. Relevant genes were extracted from 
FerrDb and ImmPort databases and screened 
for immune-ferroptosis-related genes (IFRGs) 
to explore their prognostic value for HCC. In 
addition, we developed a novel survival risk 
model based on IFRGs to predict the prognosis. 
Gene set enrichment analysis (GSEA) and 
CIBERSORT were used to further evaluate dif-
ferences in immune-related biological charac-
teristics across risk groups, and correlations 
between immune risk groups and common 
inhibitory checkpoint molecules were analyzed. 
Finally, the prognostic signature was validated 
in the International Cancer Genome Consor- 
tium (ICGC) cohort, and the three IFRGs were 
validated by immunohistochemistry in the 
Human Protein Atlas (THPA). We hope that this 
research will contribute to a deeper under-
standing of the ferroptosis-related genes and 
the tumor immune microenvironment in HCC. 

Materials and methods

Acquisition and preprocessing of data

Transcriptome profiles of gene expression 
quantitative RNA sequencing and clinical infor-
mation were downloaded from TCGA, which 
contains 370 cases (normal samples, 50 
cases; tumor samples, 320 cases) after omit-
ting those with incomplete critical clinical 
information.

173 ferroptosis-related driver and suppressor 
genes with the confidence of “validated” were 
obtained from the FerrDb database [19] as the 
criteria for FRG selection, and the immune-
related genes (IRG) were acquired from the 
ImmPort database [20] in our study. 

Identification of significantly different FRGs 
between HCC and non-tumorous samples

We retrospectively analyzed these data men-
tioned above. Differentially expressed ferropto-
sis-related genes (DE-FRGs) in normal and 
tumor samples were identified by differentia-
tion analysis using the “limma” R package 
Heatmap and volcano plots of FRGs were drawn 
by the pheatmap and ggplot2 packages. The 
threshold was set to satisfy both a false discov-
ery rate (FDR) less than 0.05 and an absolute 
value of the log2 fold change more than 0.5.

Gene ontology (GO) and Kyoto encyclopedia 
of genes and genomes (KEGG) enrichment 
analysis

DE-FRGs were applied to GO and KEGG analy-
ses to identify the affected biological process-
es signaling pathways by the “clusterProfiler” R 
package. In the process, significant enrichment 
was defined as satisfying both q-value < 0.05 
and p-value < 0.05.

Development of the IFRG prognostic signature

The IFRGs are defined as genes that are both 
FRGs and IRGs. We identified 14 potential prog-
nostic IFRGs through Kaplan-Meier analysis 
and univariate Cox analysis by using the “surv” 
and “coxph” functions. Intersecting the two 
sets of genes resulted in three IFRGs.

Subsequently, these three IFRGs were put into 
the least absolute shrinkage and selection 
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operator analysis for screening and calculation 
of risk score using the “glmnet” R package. The 
risk score was derived by the this formula, with 
Coefj standing for the coefficient and Xj for the 
expression levels of each IFRG, standardized by 
z-score.

RiskScore Coef X1 jn

j
j= )=

/
Then, patients were classified into high and 
low-risk groups based on the median risk score. 
The survival analysis was conducted to evalu-
ate the performance of the risk score.

Correlation between the prognostic signature 
and clinicopathological features

We loaded the “ggpubr” R package to conduct 
the correlation between each risk score and 
clinicopathological traits. The Wilcoxon rank-
sum test or the Kruskal-Wallis rank-sum test 
was used to determine the statistical sig- 
nificance.

Gene set enrichment analysis 

The Molecular Signatures Database was used 
to get the C2. CP. KEGG.v7.2 gene sets and 
Hallmark collections, and then the “clusterPro-
filer” R package was used to examine high- and 
low-risk populations to determine the function-
al differences between them. 

Quantification of tumor-infiltrating immune 
cells (TIIC)

CIBERSORT provides 22 kinds of common infil-
trating cell expression data as a reference 
which we used to assess the proportion of 
immune tissue cell distribution in all HCC cases 
[21]. The association between the risk score 
and immunological components was further 
supported.

Establishment of the nomogram

Risk scores and associated clinical characteris-
tics were analyzed by multivariate Cox regres-
sion to determine independent predictors of 
patient survival. We used receiver operating 
characteristic (ROC) curves to assess the per-
formance of the risk score and relevant clinical 
characteristics. Next, a nomogram was created 
to predict the overall survival at 1, 3, and 5 
years. Internal validation of the model was test-
ed using bootstrap resamples and a graphical 
display of the calibration plot was made.

Validation in ICGC data and the human protein 
Atlas database

The data of mRNA expression and clinical char-
acteristics were downloaded from the ICGC 
database (https://dcc.icgc.org/) in HCC pati- 
ents for external validation. 

RiskScore = 0.3016 × HRAS + 0.1907 × 
MAPK3 + 0.1738 × TFRC

The risk scores were derived from the formulas 
above and their relationship with survival prog-
nosis and tumor immune was also validated. 
The protein expression of healthy cells, organs, 
and malignancies can be found in the Human 
Protein Atlas project (https://www.proteinatlas.
org/). The expression of three crucial genes in 
normal tissues and tumor tissues was com-
pared using IHC on this database.

Statistical analysis

We completed all statistical analyses and 
graphical displays using R 4.0.5. Continuous 
variables for two groups were examined with 
the Mann-Whitney U test or the Student’s t  
test. Differences in survival analysis were 
assessed with the log-rank test. Unless other-
wise stated, P < 0.05 was considered statisti-
cally significant.

Results

Identification and enrichment analysis of DE-
FRGs 

As shown in Figure 1, a total of 74 DE-FRGs 
between 50 normal and 320 tumor samples 
were extracted using the ‘limma’ R package 
(Table S1). Among them, 15 genes were upreg-
ulated and 59 genes were downregulated. 
Figure 2A and 2B display the heatmap and vol-
cano plots, respectively.

GO analysis indicated that DE-FRGs were 
enriched in cellular response to oxidative 
stress, response to metal ion, mitochondrial 
outer membrane, ferrous iron binding and 
transferrin receptor activity in biological pro-
cess, molecular function and cellular compo-
nent (Figure 2C; Table S2). KEGG analysis of 
DE-FRGs mainly includes ferroptosis, mitopha-
gy-animal, autophagy-animal, and chemical 
carcinogenesis - reactive oxygen species, etc. 
(Figures 2D, S1; Table S3). These results con-
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firmed that 74 DE-FRGs play an essential role in 
vital physiological processes and tumor devel-
opment. Notably, some immune-related path-
ways were also enriched.

Construction of an IFRGs prognostic signature 

To explore the function of the immune-related 
genes among DE-FRGs in disease, we first 
intersected the 74 DE-FRGs and the 1793 IRGs 
resulting in 14 IFRGs (Figure 3A), namely, BID, 
ELAVL1, HMOX1, HRAS, HSPA5, JUN, MAPK1, 
MAPK3, NRAS, PML, SRC, TFR2, TFRC, and 
TLR4 (Table S4). 

The results of Cox regression and Kaplan-Meier 
analysis unexpectedly showed that three FRGs, 
including HRAS, MAPK1 and TFRC, were inde-
pendent prognostic factors, and the survival 
was inversely correlated with the expression of 
these genes. This is contrary to our common 
belief that overexpression of ferroptosis-relat-
ed gene is positively associated with prognosis 
in HCC (Figure 3B-E). 

the high-risk group than the low one (Figure 4C, 
4D).

Then, a further examination of the correlation 
between the risk score and clinical characteris-
tics was performed (Figure 4E-H). The result 
suggested a significant escalation of risk 
scores as the stage and T-stage classification 
progressed (Figure 4E, 4F, P = 0.0091, 0.013, 
0.024, 0.039, respectively). These findings sug-
gest that upregulation of IFRGs may contribute 
to a poor prognosis by promoting the progres-
sion and invasion of HCC.

Gene set enrichment analysis 

The GSEA analysis also brought some results 
for the assessment of functional differences 
between the high- and low-risk groups. On the 
one hand, the high-risk score group genes for 
the C2 KEGG collection were primarily enriched 
in p53 signaling pathway, taking antigen pro-
cessing and presentation, cancer and immune 
biological processes and toll-like receptor sig-

Figure 1. The flowchart of this study.

Therefore, we tried to design  
a prognostic signature by 
using these three IFRGs. A 
multivariate linear regression 
model was developed, which 
was able to evaluate the fea-
tures of these three IFRGs. 
Three IFRG scores were cho-
sen to create the risk score 
under penalized circumstanc-
es (lambda = 1): Risk score = 
(0.3016 × HRAS) + (0.1907 × 
MAPK3) + (0.1738 × TFRC).

Correlations between risk 
score and clinical information

After generating the risk 
score, we used survival analy-
sis to detect the correlation 
between the risk score and 
survival. The outcome indicat-
ed that there was a negative 
correlation between risk score 
and survival (Figure 4A). The 
heatmap showed and com-
pared the expression of three 
IFRGs (Figure 4B). The surviv-
al curves also suggested a 
poor probability of survival in 
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naling pathway as examples (Figure 5A; Table 
S5). Synchronously, the low-risk score cohort 
genes were mainly enriched in regulation-relat-
ed and metabolism-related pathways, including 
fatty acid metabolism, complement and coagu-
lation cascades and drug metabolism cyto-
chrome p45 (Figure 5B and Table S5). Simi- 
larly, many immunological and metabolic pro-
cesses were concentrated in the HALLMARK 
gene set (Figure 5C, 5D; Table S5). The above 
results indicated that ferroptosis and immunity 
were closely related to molecular changes in 
the high- or low-risk group, and the risk score 

may be a viable predictor for various tumor 
microenvironment statuses in HCC.

Predicting tumor immune cell infiltration and 
common immune checkpoint expression by 
risk score

We then constructed immune cell profiles by 
CIBERSORT and analyzed the ratio of tumor-
infiltrating immune subtypes to characterize 
the relationship between risk score and cell 
composition (Figure 6A-C). Then, the correla-
tion analyses revealed that ten types of TIIC 

Figure 2. Volcano plot, heatmap, and enrichment analysis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) for Differentially expressed ferroptosis-related genes DE-FRGs. A. Heatmap for DE-FRGs gen-
erated by comparison of the tumor and normal tissues. The row name of the heatmap is the gene name, and the 
column name is the ID of samples not shown in the plot. B. Volcano plot for DE-FRGs. The purple and red dots rep-
resent the significantly downregulated and upregulated genes, respectively, and the gray dots represent the genes 
without differential expression. C, D. GO and KEGG enrichment analyses for DE-FRGs.
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Figure 3. Find the immune-ferroptosis-related genes (IFRGs) in the TCGA cohort. A. A Venn diagram of DEGs. A comparison between 74 DE-FRGs and 1794 immune-
related genes (IRGs), revealed 74 IFRGs. B. Prognostic analysis of 14 IFRGs using univariate Cox regression models. HRAS, MAPK3 and TFRC were found to be 
independent risk factors for HCC patients. C-E. Kaplan-Meier survival curves for patients with different expression levels of HRAS, MAPK3 and TFRC.
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had a significant association with the risk score 
(Figure 6D; Table S6). The result showed a posi-
tive correlation between risk score and the four 

TIICs, including M0 macrophage, regulatory T 
cells (Tregs), follicular helper T cells and acti-
vated memory CD4 T cells; Six TIICs were nega-

Figure 4. Validation of the IFRGs prognostic signature in the TCGA cohort. A. Kaplan-Meier survival curves for the 
high- and low-risk score groups. B. Heatmap of the expression of three IFRGs between the high- and low-risk groups. 
C. Risk score curve plot. The dashed line indicates the individual distribution of risk scores, and patients were divid-
ed into low-risk (blue) and high-risk (red) groups. D. Risk score scatter plot. Red dots indicate patients who died and 
blue dots indicate patients who are alive. As the risk score increases, more patients die. E-H. Relationship between 
risk score and clinicopathology, including stage, T stage, N stage, and M stage.
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tively correlated with risk score, including M1 
macrophages, resting memory CD4 T cells, 
resting mast cells, monocytes, resting NK cells 
and naive B cells. The results mentioned above 
further support the idea that the risk score can, 
in certain cases, serve as an immunological 
signal of HCC.

We also explored the correlation between risk 
score and common immune checkpoints (ICPs) 
to evaluate immunotherapy responses. A cor-

relation was found between the risk score and 
ICPs revealing that the high-risk score group 
had high expression of ICPs (Figure 6E). The 
results revealed that patients with higher risk 
scores may showed a better response to 
immunotherapy.

Construction of the nomogram 

It is necessary to look into the possibility that 
risk score may be an prognostic indicator. The 

Figure 5. GSEA for samples in high- and low-risk score group. A, B. Enriched gene sets in the C2 collection, the 
KEGG gene sets, by samples in the high- and low-risk score groups. Each line represents one particular gene set 
with a unique color, and upregulated genes are located on the left, which approaches the origin of the coordinates; 
in contrast, the downregulated genes lie on the right of the x-axis. C, D. The enriched gene sets in the HALLMARK 
collection by samples in high- and low-risk score groups.
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results showed that risk score and T stage  
were independent predictors of prognosis in 
patients (Table S7). In addition, we constructed 
a nomogram to predict survival time based on 
the above results (Figure 7A). The calibration 
curves suggested that the prognosis provided 
by the nomogram corresponded effectively to 
the actual fraction of survival (Figure 7B-D). 
Finally, the ROC curve showed a good predic-
tive ability of our signature (Figure 7E, AUC = 
0.659).

Validation of the IFRGs signature in the ICGC 
cohort

We derived risk score for HCC patients in the 
ICGC cohort using the same formula to verify 
whether the prognostic signature have similar 
predictive value in different cohorts. The heat-
map of three hub genes in the ICGC cohort 
between the high- and low-risk groups is dis-
played in Figure 8A. Similarly, the survival anal-
ysis and survival curve also demonstrated that 
the high-risk group had lower overall survival 
than the low one (Figure 8B-D). In addition, 
Figure 8E and 8F also show that the risk score 
can assess the altered immune microenviron-
ment of the tumor to some extent.

Verifying the tissue expression level in the 
THPA database

To further validate the prognostic significance 
of the three genes, we obtained their transcrip-
tion levels in healthy liver compared to HCC tis-
sues in THPA. As Figure 8G, immunohistochem-
istry showed that the expression of HRAS, 
MAPK3 and TFRC were remarkably upregulated 
in HCC, which also supported our hypothesis. 

Discussion

Approximately one million cases of hepatocel-
lular carcinoma occur every year making it one 
of the most prevalent types of liver cancer, 
which causes a large financial, personal, and 

social burden to society [2]. Unfortunately, due 
to insidious progression, most patients are 
already in the middle-advanced stage when 
diagnosed with a poor prognosis. For these 
advanced patients, novel molecular targeted 
therapies and immunotherapies will be a step 
ahead of conventional therapies for a better 
prognosis, which has become one of the most 
exciting and promising developments in recent 
years [22-24]. Recent studies have shown that 
ferroptosis, a unique form of programmed cell 
death, plays a significant role in tumorigene- 
sis and cancer treatment, especially in HCC. 
Sorafenib has been shown to specifically induce 
ferroptosis in cancer cells to achieve therapeu-
tic effects [9, 25].

At present, many scholars have proven that 
there is considerable crosstalk between ferrop-
tosis and immunity. On the one hand, ferropto-
sis induced by targeted therapy and immuno-
therapy may trigger the release of damage- 
associated molecular patterns (DAMPs), lead-
ing to the recruitment of dendritic cells with 
antigen capture and presentation and, finally, 
the induction of cytotoxic T cell responses. It 
has been reported that CD8+ T cells induce fer-
roptosis in tumor cells in vivo, and this study 
obtained direct evidence of the connection 
between antitumor immunity and ferroptosis 
[18, 26]. On the other hand, ferroptosis in 
tumors may also impair the immune response. 
It has been shown that changes in the tumor 
immune microenvironment induced by ferrop-
tosis will enhance tumor evasion of host 
immune surveillance instead, which may con-
tribute to its development [27]. The complex 
relationship between ferroptosis-related path-
ways and genes in different aspects of immune 
function remains to be further explored.

In this research, we obtained gene expression 
data from the TCGA database. Differential anal-
ysis of ferroptosis-related genes identified 74 
FRGs that were differentially expressed in 

Figure 6. Correlation of tumor-infiltrating immune cells and common ICPs with risk score. A. Bar plot shows the 
proportion of 22 types of tumor-infiltrating immune cells (TIICs) in TCGA tumor samples. The column names of the 
plot were sample ID. B. Heatmap showing the correlation between 22 kinds of TIICs and numeric numbers in each 
tiny box, indicating the p-value of the correlation between two cells. The shadow of each tiny color box represents 
a corresponding correlation value between two cells. C. Violin plot showing the ratio differentiation of 22 types of 
immune cells between the high- and low-risk groups. D. The scatter plot shows the correlation of the proportion of 
10 kinds of TIICs with the risk score (P < 0.05). The blue line in each plot was a fitted linear model indicating the 
proportion tropism of the immune cell along with the risk score. E. The bar plot shows that the expression of ICPs 
was significantly higher in the high-risk score group than in the low-risk score group.
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Figure 7. Establishment and validation of the nomogram. A. Establishment of a signature-based prognostic nomogram. B-D. Calibration curves of the nomogram 
prediction of 1-year, 3-year, and 5-year OS. E. ROC curve of the risk score and other relevant clinical parameters.



Novel feature related to ferroptosis and TIME in HCC

6936 Am J Transl Res 2022;14(10):6924-6940



Novel feature related to ferroptosis and TIME in HCC

6937 Am J Transl Res 2022;14(10):6924-6940

tumor and normal tissues. The enrichment 
analysis suggested that ferroptosis-related 
pathways and cancer-related pathways were 
significantly enriched, and we found that 
immune-related pathways were also indicated 
in the results. To further analyze the crosstalk 
of DE-FRGs in immunity, we identified the  
intersection of these DE-FRGs with IRGs. 
Survival analysis and Cox univariate regression 
analysis demonstrated the prognostic value of 
HRAS, MAPK3 and TFRC among these IFRGs. 
Surprisingly, the results showed that patients 
had a worse prognosis when these three IFRGs 
were upregulated, and we speculate that this 
might be due to the upregulation of the IFRGs 
leading to the immune suppressive pattern, 
which enhances cancer evasion of host antitu-
mor immunity. Therefore, we used these three 
IFRGs to construct a signature for assessing 
prognosis and the tumor microenvironment. 
The results demonstrated that the risk score 
was strongly and inversely associated with 
prognosis and correlated with the tumor’s path-
ological stage. In addition, we investigated the 
connection between the risk score and immune 
cells using CIBERSORT. We found significant 
differences in tumor immune infiltration, espe-
cially in immunosuppressive cells, including 
tumor-infiltrating macrophages and Treg cells, 
which implies that the expression of these 
three IFRGs may be an intrinsic barrier to the 
induction of strong immune responses by fer-
roptosis. In addition, GSEA also suggested an 
intimate association between the risk score 
and immune pathways. A nomogram was also 
developed integrating clinical characteristics 
and risk scores, and the ROC curves and cali-
bration plots confirmed its prognostic accuracy. 
Finally, in the ICGC cohort, our prognostic sig-
nature is nicely suggestive of the prognostic 
and immune microenvironment of HCC, and we 
also found the expression of the hub genes was 
upregulated in tumor compared with normal 
tissues using the THPA database. 

In HCC, the HRAS and MAPK3-mediated Ras/
MAPK pathways play an important role in con-

trolling major cytological processes such as cell 
proliferation, and their dysregulation is impli-
cated in malignant transformation and progres-
sion [28]. HRAS is a common oncogene that 
belongs upstream of the Ras/MAPK signaling 
pathway and is responsible for transmitting 
extracellular signals to the nucleus to induce 
cell growth, division, maturation, and differen-
tiation [29]. HRAS activating mutations are 
thought to be one of the main molecular mech-
anisms leading to activation of the MEK/ERK 
signaling pathway in chemically induced liver 
tumors in mice [30]. MAPK3, also known as 
extracellular regulatory protein kinase 1 (ERK1), 
belongs downstream of the Raf/MEK/ERK 
pathway, regulates cell proliferation, differenti-
ation and survival, and plays a role in amplify-
ing signals during tumor invasion and metasta-
sis [31]. MAPK3 expression and activation were 
increased in human and animal hepatocellu- 
lar carcinomas [32, 33]. Transferrin receptor, 
encoded by TFRC, is a membrane glycoprotein 
that can import iron by binding to plasma glyco-
protein transferrin [34]. The significant increase 
in TFRC expression in human HCC cells and 
human HCC tissue samples and may be par-
tially attributed to a posttranscriptional mecha-
nism mediated by miR-152 downregulation 
[35].

HRAS, MAPK3 and TFRC are involved in the 
regulation of ferroptosis and tumor immunity. 
HRAS promotes the production of intracellular 
reactive oxygen species (ROS) during ferropto-
sis [36]. Ras/MAPK pathway activation and 
oncogenic RAS expression make cells more 
susceptible to inducers of ferroptosis [37-39]. 
However, overexpression of oncogenic HRAS 
has also been shown to be resistant to ferrop-
tosis in tumors [40]. Regarding MAPK3, it has 
been reported that the phosphorylation status 
of MAPK3 is associated with tumor sensitivity 
to erastin, suggesting a correlation between its 
signaling and ferroptosis [39]. However, at the 
same time, MAPK3 is involved in the PI3K/AKT 
pathway and inhibits ferroptosis in cancer cells 
through SREBP1/SCD1-mediated adipogenesis 

Figure 8. Validation of the prognostic signature and gene expression in the International Cancer Genome Consor-
tium (ICGC) cohort and the Human Protein Atlas (THPA) database. A. Heatmap of hub IFRGs expression between the 
high- and low-risk score groups in the ICGC cohort. B. Risk score scatter plot. C. Risk score curve plot. D. Kaplan-
Meier survival curve. E, F. Bar plot of the proportion of 22 types of TIICs in ICGC tumor tissues. A violin plot shows the 
ratio and differentiation of 22 types of immune cells between the high- and low-risk groups. G. IHC of HRAS, MAPK3 
and TFRC in HCC and normal tissues from the THPA database.
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[41]. It has also been demonstrated that RAF-
MEK1/2-ERK1/2 inhibitors inhibit the infiltra-
tion of regulatory T cells and monocytes/mac-
rophages [31]. Therefore, HRAS and MAPK3, 
which are involved in the Ras/MAPK pathway, 
may show synergy in promoting ferroptosis, but 
their inhibition of antitumor immunity may 
inhibit the effect of ferroptosis to some extent. 
TFRC, which is involved in tumor progression, is 
abundantly expressed in hepatocellular carci-
noma, and the accumulation of intracellular 
Fe2+ facilitates the development of ferroptosis 
in tumor cells [42]. However, HCC cell-imposed 
iron restriction results in reduced ferrous iron 
in TAMs and therefore drives their M2 polariza-
tion, which leads to suppression of tumor 
immunity [43]. Therefore, inducing TFRC upreg-
ulation leading to intracellular iron overload 
while inhibiting M2 polarization in macrophages 
may become a promising pathway for enhanc-
ing ferroptosis. 

Using a combination of bioinformatics analysis, 
we constructed a risk model based on HRAS, 
MAPK3 and TFRC, validated it as a powerful 
tool to predict prognosis for HCC, and innova-
tively explored the crosstalk between immunity 
and ferroptosis. Since the crosstalk between 
immunity and ferroptosis in HCC has not been 
adequately studied, this study may also provide 
some ideas and directions that may contri- 
bute to new therapeutic approaches. In some 
aspects, our study also has some limitations. 
First, the clinical information downloaded from 
TCGA did not include patient treatment. 
Second, the interaction and mechanism of fer-
roptosis and tumor immunity are still unclear 
and more experiments are still needed to prove 
this hypothesis. Finally, the prognostic model 
needs to be validated in a real-world clinical 
cohort.

Conclusion

In conclusion, we identified higher expression 
levels of HRAS, MAPK3 and TFRC in HCC tumor 
tissues than in normal tissues. Prognostic sig-
natures based on IFRGs are proposed to be of 
great value in predicting survival and reveal 
potential mechanisms of the immune process 
associated with the ferroptosis genes, which 
may become a promising therapeutic target for 
patients with HCC. Further studies are needed 
to validate these results in our research.
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Table S1. Clinical characteristics of patients
Alive Dead Overall

Number 213 107 320
Age (mean (SD)) 58.66 (12.91) 60.29 (13.23) 59.21 (13.02)
Sex (%)
    male 157 (73.7) 64 (59.8) 221 (69.1)
    female 56 (26.3) 43 (40.2) 99 (30.9)
OS (mean (SD)) 2.73 (2.04) 1.82 (1.92) 2.43 (2.04)
Status (%)
    Alive 213 (100.0) 0 (0.0) 213 (66.6)
    Dead 0 (0.0) 106 (99.1) 106 (33.1)
    Not Reported 0 (0.0) 1 (0.9) 1 (0.3)
Stage (%)
    Stage I 124 (58.2) 37 (34.6) 161 (50.3)
    Stage II 54 (25.4) 22 (20.6) 76 (23.8)
    Stage III 35 (16.4) 45 (42.1) 80 (25.0)
    Stage IV 0 (0.0) 3 (2.8) 3 (0.9)
T_Stage (%)
    T1 124 (58.2) 38 (35.5) 162 (50.6)
    T2 55 (25.8) 22 (20.6) 77 (24.1)
    T3 31 (14.6) 40 (37.4) 71 (22.2)
    T4 3 (1.4) 7 (6.5) 10 (3.1)
N_Stage (%)
    N0 163 (76.5) 76 (71.0) 239 (74.7)
    N1 1 (0.5) 2 (1.9) 3 (0.9)
    NX 49 (23.0) 29 (27.1) 78 (24.4)
M_Stage (%)
    M0 167 (78.4) 76 (71.0) 243 (75.9)
    M1 0 (0.0) 3 (2.8) 3 (0.9)
    MX 46 (21.6) 28 (26.2) 74 (23.1)
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Table S2. The result of GO enrichment analysis
ONTOLOGY ID Description GeneRatio BgRatio pvalue p.adjust qvalue Count
BP GO:0062197 cellular response to chemical 

stress
22/73 360/18866 8.32E-21 1.33E-17 7.45E-18 22

BP GO:0034599 cellular response to oxidative 
stress

21/73 310/18866 8.62E-21 1.33E-17 7.45E-18 21

BP GO:0006979 response to oxidative stress 22/73 458/18866 1.48E-18 1.53E-15 8.52E-16 22

BP GO:0031667 response to nutrient levels 21/73 473/18866 5.06E-17 3.92E-14 2.19E-14 21

BP GO:0010038 response to metal ion 18/73 366/18866 2.08E-15 1.29E-12 7.19E-13 18

BP GO:0071248 cellular response to metal ion 14/73 193/18866 1.86E-14 9.61E-12 5.37E-12 14

BP GO:0042594 response to starvation 14/73 206/18866 4.61E-14 2.04E-11 1.14E-11 14

BP GO:0071496 cellular response to external 
stimulus

16/73 326/18866 9.48E-14 3.67E-11 2.05E-11 16

BP GO:0031669 cellular response to nutrient 
levels

14/73 221/18866 1.22E-13 3.77E-11 2.10E-11 14

BP GO:0071241 cellular response to inorganic 
substance

14/73 221/18866 1.22E-13 3.77E-11 2.10E-11 14

BP GO:0031668 cellular response to  
extracellular

14/73 253/18866 7.76E-13 2.18E-10 1.22E-10 14

BP GO:0009267 cellular response to starvation 12/73 163/18866 1.34E-12 3.46E-10 1.93E-10 12

BP GO:0071276 cellular response to cadmium 
ion

8/73 38/18866 1.51E-12 3.59E-10 2.01E-10 8

BP GO:0046686 response to cadmium ion 9/73 64/18866 2.71E-12 6.00E-10 3.35E-10 9

BP GO:0016236 macroautophagy 13/73 310/18866 1.77E-10 3.64E-08 2.04E-08 13

BP GO:0070997 neuron death 13/73 360/18866 1.10E-09 2.13E-07 1.19E-07 13

BP GO:0034614 cellular response to reactive 
oxygen species

9/73 170/18866 1.88E-08 3.41E-06 1.91E-06 9

BP GO:0000302 response to reactive oxygen 
species

10/73 235/18866 2.32E-08 3.99E-06 2.23E-06 10

BP GO:1901214 regulation of neuron death 11/73 321/18866 4.06E-08 6.61E-06 3.69E-06 11

BP GO:0072584 caveolin-mediated endocytosis 4/73 12/18866 9.97E-08 1.54E-05 8.62E-06 4

CC GO:0000407 phagophore assembly site 5/74 32/19559 1.26E-07 3.20E-05 2.09E-05 5

CC GO:1990712 HFE-transferrin receptor 
complex

3/74 8/19559 2.87E-06 0.00036618 0.00023883 3

CC GO:0005741 mitochondrial outer  
membrane

7/74 192/19559 8.13E-06 0.00069107 0.00045073 7

CC GO:0005901 caveola 5/74 82/19559 1.47E-05 0.00083568 0.00054505 5

CC GO:0031968 organelle outer membrane 7/74 218/19559 1.85E-05 0.00083568 0.00054505 7

CC GO:0019867 outer membrane 7/74 220/19559 1.97E-05 0.00083568 0.00054505 7

CC GO:0005811 lipid droplet 5/74 93/19559 2.71E-05 0.00089572 0.0005842 5

CC GO:0034045 phagophore assembly site 
membrane

3/74 16/19559 2.81E-05 0.00089572 0.0005842 3

CC GO:0005776 autophagosome 5/74 97/19559 3.32E-05 0.00094143 0.00061402 5

CC GO:0009925 basal plasma membrane 4/74 51/19559 4.12E-05 0.0010514 0.00068574 4

CC GO:0044853 plasma membrane raft 5/74 113/19559 6.91E-05 0.00160076 0.00104405 5

CC GO:0005769 early endosome 8/74 377/19559 8.79E-05 0.00186875 0.00121883 8

CC GO:0045178 basal part of cell 4/74 69/19559 0.00013549 0.00265768 0.00173339 4

CC GO:0019898 extrinsic component of 
membrane

7/74 306/19559 0.00015727 0.00286447 0.00186826 7

CC GO:0000792 heterochromatin 4/74 78/19559 0.00021789 0.00370418 0.00241593 4

CC GO:0016323 basolateral plasma membrane 6/74 246/19559 0.00033773 0.0053517 0.00349048 6

CC GO:0097413 Lewy body 2/74 8/19559 0.00038962 0.0053517 0.00349048 2

CC GO:1990316 Atg1/ULK1 kinase complex 2/74 8/19559 0.00038962 0.0053517 0.00349048 2

CC GO:0000421 autophagosome membrane 3/74 38/19559 0.00039875 0.0053517 0.00349048 3

CC GO:0016605 PML body 4/74 102/19559 0.00060626 0.00718426 0.00468571 4

MF GO:0008198 ferrous iron binding 4/74 26/18352 3.40E-06 0.00152168 0.00081342 4

MF GO:0015175 neutral amino acid transmem-
brane transporter activity

4/74 34/18352 1.03E-05 0.00230328 0.00123124 4

MF GO:0004998 transferrin receptor activity 2/74 2/18352 1.60E-05 0.00239 0.00127759 2



Novel feature related to ferroptosis and TIME in HCC

3 

MF GO:0031625 ubiquitin protein ligase 
binding

8/74 297/18352 2.56E-05 0.00285726 0.00152737 8

MF GO:0004712 protein serine/threonine/tyro-
sine kinase activity

4/74 45/18352 3.20E-05 0.00286237 0.0015301 4

MF GO:0044389 ubiquitin-like protein ligase 
binding

8/74 316/18352 3.97E-05 0.00296032 0.00158246 8

MF GO:0018636 phenanthrene 9,10-monooxy-
genase activity

2/74 3/18352 4.80E-05 0.00306482 0.00163832 2

MF GO:0004707 MAP kinase activity 3/74 20/18352 6.83E-05 0.00367263 0.00196323 3

MF GO:0140297 DNA-binding transcription  
factor binding

8/74 347/18352 7.67E-05 0.00367263 0.00196323 8

MF GO:0015179 L-amino acid transmembrane 
transporter activity

4/74 59/18352 9.37E-05 0.00367263 0.00196323 4

MF GO:0047115 trans-1,2-dihydrobenzene-1,2-
diol dehydrogenase activity

2/74 4/18352 9.57E-05 0.00367263 0.00196323 2

MF GO:0061629 RNA polymerase II-specific 
DNA-binding transcription  
factor binding

7/74 267/18352 1.00E-04 0.00367263 0.00196323 7

MF GO:0016655 oxidoreductase activity, acting 
on NAD(P)H, quinone or  
similar compound as acceptor

4/74 61/18352 0.00010681 0.00367263 0.00196323 4

MF GO:0047086 ketosteroid monooxygenase 
activity

2/74 5/18352 0.00015915 0.00508135 0.00271628 2

MF GO:0003725 double-stranded RNA binding 4/74 76/18352 0.00025089 0.00747642 0.00399658 4

MF GO:0047023 androsterone dehydrogenase 
activity

2/74 7/18352 0.00033247 0.00883097 0.00472066 2

MF GO:0015171 amino acid transmembrane 
transporter activity

4/74 82/18352 0.00033585 0.00883097 0.00472066 4

MF GO:0051219 phosphoprotein binding 4/74 85/18352 0.00038527 0.00956761 0.00511444 4

MF GO:0015186 L-glutamine transmembrane 
transporter activity

2/74 8/18352 0.00044213 0.01040167 0.0055603 2

MF GO:0016705 oxidoreductase activity,  
acting on paired donors, with 
incorporation or reduction of 
molecular oxygen

5/74 162/18352 0.00049677 0.01110286 0.00593512 5
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Figure S1. The cnetplot of the result of KEGG enrichment analysis.
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Table S3. The result of KEGG enrichment analysis
ID Description GeneRatio BgRatio pvalue p.adjust qvalue Count
hsa04140 Autophagy-animal 15/64 141/8112 1.45E-13 3.15E-11 1.18E-11 15

hsa04216 Ferroptosis 10/64 41/8112 4.16E-13 4.51E-11 1.69E-11 10

hsa04137 Mitophagy-animal 9/64 72/8112 3.82E-09 2.13E-07 7.94E-08 9

hsa04136 Autophagy-other 7/64 32/8112 3.92E-09 2.13E-07 7.94E-08 7

hsa05208 Chemical carcinogenesis-reactive oxygen species 13/64 223/8112 1.37E-08 5.96E-07 2.23E-07 13

hsa01522 Endocrine resistance 9/64 98/8112 6.01E-08 1.91E-06 7.12E-07 9

hsa05230 Central carbon metabolism in cancer 8/64 70/8112 6.15E-08 1.91E-06 7.12E-07 8

hsa05167 Kaposi sarcoma-associated herpesvirus infection 11/64 194/8112 2.71E-07 6.89E-06 2.57E-06 11

hsa04012 ErbB signaling pathway 8/64 85/8112 2.86E-07 6.89E-06 2.57E-06 8

hsa05161 Hepatitis B 10/64 162/8112 4.58E-07 9.93E-06 3.71E-06 10

hsa04912 GnRH signaling pathway 8/64 93/8112 5.76E-07 1.14E-05 4.24E-06 8

hsa05219 Bladder cancer 6/64 41/8112 6.88E-07 1.24E-05 4.65E-06 6

hsa05417 Lipid and atherosclerosis 11/64 215/8112 7.60E-07 1.27E-05 4.74E-06 11

hsa05418 Fluid shear stress and atherosclerosis 9/64 139/8112 1.22E-06 1.89E-05 7.04E-06 9

hsa04066 HIF-1 signaling pathway 8/64 109/8112 1.95E-06 2.81E-05 1.05E-05 8

hsa05022 Pathways of neurodegeneration-multiple diseases 15/64 476/8112 2.99E-06 4.05E-05 1.51E-05 15

hsa05210 Colorectal cancer 7/64 86/8112 4.48E-06 5.72E-05 2.14E-05 7

hsa04211 Longevity regulating pathway 7/64 89/8112 5.64E-06 6.36E-05 2.38E-05 7

hsa05235 PD-L1 expression and PD-1 checkpoint pathway in cancer 7/64 89/8112 5.64E-06 6.36E-05 2.38E-05 7

hsa05225 Hepatocellular carcinoma 9/64 168/8112 5.86E-06 6.36E-05 2.38E-05 9

hsa04370 VEGF signaling pathway 6/64 59/8112 6.17E-06 6.38E-05 2.38E-05 6

hsa04926 Relaxin signaling pathway 8/64 129/8112 6.90E-06 6.71E-05 2.50E-05 8

hsa05010 Alzheimer disease 13/64 384/8112 7.11E-06 6.71E-05 2.50E-05 13

hsa05166 Human T-cell leukemia virus 1 infection 10/64 222/8112 7.99E-06 7.23E-05 2.70E-05 10

hsa04210 Apoptosis 8/64 136/8112 1.02E-05 8.85E-05 3.31E-05 8

hsa05231 Choline metabolism in cancer 7/64 98/8112 1.07E-05 8.94E-05 3.34E-05 7

hsa05221 Acute myeloid leukemia 6/64 67/8112 1.30E-05 0.000105 3.91E-05 6

hsa05211 Renal cell carcinoma 6/64 69/8112 1.54E-05 0.000119 4.43E-05 6

hsa04625 C-type lectin receptor signaling pathway 7/64 104/8112 1.58E-05 0.000119 4.43E-05 7

Table S4. Results of 14 IFRGs obtained by intersecting with 74 DE-FRGs and 1793 IRGs
logFC AveExpr t P.Value adj.P.Val B change logP name
0.7157 3.298875 7.378368 1.07E-12 4.06E-12 18.01667 UP 11.97263 BID
0.704641 2.993683 11.0782 7.98E-25 9.12E-24 45.54489 UP 24.09791 ELAVL1
-1.059074 4.277569 -5.806083 1.38E-08 3.29E-08 8.772032 DOWN 7.860853 HMOX1
1.231322 3.488353 11.44838 3.49E-26 5.08E-25 48.64023 UP 25.45659 HRAS
1.01328 7.577856 10.25455 6.99E-22 5.33E-21 38.8465 UP 21.15558 HSPA5
-0.991007 5.094317 -6.413167 4.36E-10 1.29E-09 12.13392 DOWN 9.360909 JUN
0.547311 2.907179 5.932323 6.87E-09 1.74E-08 9.448541 UP 8.163286 MAPK1
1.068512 3.111673 12.74065 4.46E-31 3.57E-29 59.79926 UP 30.35097 MAPK3
0.771652 3.390913 7.963269 2.08E-14 9.53E-14 21.87852 UP 13.68101 NRAS
0.636289 1.829051 8.388239 1.05E-15 5.11E-15 24.81428 UP 14.97739 PML
0.980446 2.090715 6.282974 9.34E-10 2.72E-09 11.39011 UP 9.029603 SRC
-0.836812 6.773468 -4.203709 3.30E-05 5.93E-05 1.285612 DOWN 4.481967 TFR2
1.194979 3.100849 8.877083 3.00E-17 1.66E-16 28.31803 UP 16.52249 TFRC
-0.624357 1.175486 -6.859444 2.92E-11 9.33E-11 14.77486 DOWN 10.53508 TLR4
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Table S5. The result of GSEA for samples in high- and low-risk score group
ID setSize enrichment NES pvalue p.adjust qvalues rank
KEGG_DNA_REPLICATION 36 0.753949 1.968382 2.03E-07 1.86E-06 1.04E-06 2909

KEGG_CELL_CYCLE 124 0.637352 1.906124 1.00E-10 1.66E-09 9.28E-10 2030

KEGG_RIBOSOME 87 0.649174 1.898972 6.67E-09 8.14E-08 4.54E-08 4683

KEGG_ASTHMA 28 0.748842 1.886411 1.42E-05 8.99E-05 5.02E-05 2721

KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 55 0.675147 1.870138 2.84E-07 2.36E-06 1.32E-06 3731

KEGG_SPLICEOSOME 125 0.608842 1.822976 6.40E-10 9.01E-09 5.03E-09 4931

KEGG_BLADDER_CANCER 41 0.648352 1.729311 0.0001 0.000483 0.00027 1866

KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION 80 0.583648 1.696555 1.36E-05 8.92E-05 4.98E-05 6001

KEGG_LINOLEIC_ACID_METABOLISM 29 -0.815035 -2.703989 2.76E-08 2.97E-07 1.66E-07 805

KEGG_TYROSINE_METABOLISM 40 -0.795593 -2.840328 1.42E-10 2.16E-09 1.21E-09 984

KEGG_TRYPTOPHAN_METABOLISM 39 -0.8145 -2.849276 1.00E-10 1.66E-09 9.28E-10 931

KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION 43 -0.813644 -2.89901 1.00E-10 1.66E-09 9.28E-10 1053

KEGG_STEROID_HORMONE_BIOSYNTHESIS 55 -0.810303 -2.969803 1.00E-10 1.66E-09 9.28E-10 1216

KEGG_COMPLEMENT_AND_COAGULATION_CASCADES 69 -0.781048 -2.976624 1.00E-10 1.66E-09 9.28E-10 793

KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450 68 -0.822872 -3.147112 1.00E-10 1.66E-09 9.28E-10 1014

KEGG_FATTY_ACID_METABOLISM 42 -0.886223 -3.157011 1.00E-10 1.66E-09 9.28E-10 1051

KEGG_DRUG_METABOLISM_CYTOCHROME_P450 70 -0.860421 -3.281346 1.00E-10 1.66E-09 9.28E-10 1014

KEGG_RETINOL_METABOLISM 64 -0.862347 -3.285328 1.00E-10 1.66E-09 9.28E-10 511

HALLMARK_E2F_TARGETS 195 0.735993 2.266927 1.00E-10 6.25E-10 2.89E-10 2892

HALLMARK_G2M_CHECKPOINT 189 0.72179 2.219648 1.00E-10 6.25E-10 2.89E-10 2526

HALLMARK_MYC_TARGETS_V1 194 0.650795 2.003889 1.00E-10 6.25E-10 2.89E-10 4469

HALLMARK_MITOTIC_SPINDLE 198 0.573668 1.766711 1.00E-10 6.25E-10 2.89E-10 4024

HALLMARK_MTORC1_SIGNALING 195 0.543426 1.673802 8.55E-09 4.75E-08 2.20E-08 3680

HALLMARK_DNA_REPAIR 147 0.550106 1.666733 7.96E-07 3.62E-06 1.68E-06 5713

HALLMARK_ALLOGRAFT_REJECTION 195 0.531191 1.636116 5.78E-08 2.89E-07 1.34E-07 5438

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 197 0.50612 1.558267 3.88E-06 1.62E-05 7.49E-06 3204

HALLMARK_SPERMATOGENESIS 133 0.506712 1.529947 0.000175 0.000626 0.00029 4070

HALLMARK_MYC_TARGETS_V2 58 0.546821 1.521308 0.001709 0.004497 0.002083 4112

HALLMARK_ADIPOGENESIS 192 -0.331301 -1.41297 0.000395 0.001234 0.000572 1531

HALLMARK_PEROXISOME 104 -0.452756 -1.863068 1.82E-05 6.99E-05 3.24E-05 1272

HALLMARK_COAGULATION 138 -0.560436 -2.296101 1.00E-10 6.25E-10 2.89E-10 688

HALLMARK_FATTY_ACID_METABOLISM 155 -0.555922 -2.31371 1.00E-10 6.25E-10 2.89E-10 1417

HALLMARK_XENOBIOTIC_METABOLISM 196 -0.661799 -2.874354 1.00E-10 6.25E-10 2.89E-10 1187

HALLMARK_BILE_ACID_METABOLISM 112 -0.738413 -2.981836 1.00E-10 6.25E-10 2.89E-10 1254
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Table S6. The result of the correlation of the proportion of 10 kinds of TIICs with the risk score
gene cell rho pval
riskScore B cells naive -0.1862336 0.00081472
riskScore B cells memory 0.095679725 0.08748885
riskScore Plasma cells 0.041700183 0.45726386
riskScore T cells CD8 0.050486771 0.36802724
riskScore T cells CD4 naive -0.10728241 0.05521856
riskScore T cells CD4 memory resting -0.17541158 0.0016325
riskScore T cells CD4 memory activated 0.244836457 9.41E-06
riskScore T cells follicular helper 0.120940286 0.03054698
riskScore T cells regulatory (Tregs) 0.226336512 4.39E-05
riskScore T cells gamma delta -0.02278735 0.68467648
riskScore NK cells resting -0.19408155 0.0004803
riskScore NK cells activated -0.02496582 0.65637485
riskScore Monocytes -0.13900586 0.01281114
riskScore Macrophages M0 0.328055876 1.82E-09
riskScore Macrophages M1 -0.15566463 0.00525864
riskScore Macrophages M2 -0.09176943 0.10128477
riskScore Dendritic cells resting 0.036265426 0.51801409
riskScore Dendritic cells activated 0.003428219 0.95129069
riskScore Mast cells resting -0.19270148 0.00052787
riskScore Mast cells activated -0.06127652 0.2744441
riskScore Eosinophils 0.100410911 0.0728592
riskScore Neutrophils 0.077831717 0.16484632

Table S7. Independent prognostic indicators obtained by multivariate Cox regression
coef exp(coef) se(coef) z p

age 0.003029 1.003034 0.010208 0.297 0.766653
gender (male) 0.099926 1.105089 0.271426 0.368 0.712761
risk score 0.856884 2.355809 0.235489 3.639 0.000274
T_Stage (T2) 0.251329 1.285733 0.364933 0.689 0.491012
T_Stage (T3) 1.244897 3.472579 0.298022 4.177 2.95E-05
T_Stage (T4) 1.872744 6.506126 0.543428 3.446 0.000569
N_Stage (N1) 0.889596 2.434147 0.736795 1.207 0.227284
M_Stage (M1) 0.361347 1.435262 0.739249 0.489 0.624981


