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Abstract
Objective: Currently, the mechanism of ferroptosis in the progression of kidney renal clear cell carcinoma (KIRC)
is still unclear. This paper aims to explore the potential mechanism of ferroptosis-related genes in KIRC.
Methods: Using KIRC chip data in Gene Expression Synthesis (GEO) database, the differentially expressed
genes (DEGs) between normal and tumor group were screened in GSE168845, GSE105261 and GSE11151 by
limma package. Ferroptosis-related DEGs were gained by the intersection of DEGs and ferroptosis-related
genes, which from the FerrDb database. Gene ontology (GO) enrichment analysis of ferroptosis-related DEGs
was carried out by gene set enrichment analysis (GSEA). Univariate and multivariate Cox risk regression model
was used to screen and establish gene prognosis risk prediction model. For ferroptosis-related DEGs, targeted
small molecules are predicted for the treatment of KIRC.
Results: In GSE168845, GSE105261 and GSE11151, 2532 DEGs were screened from normal group and tumor
group. And 149 ferroptosis-related genes were obtained from the FerrDb database. Through the intersection of
DEGs and ferroptosis-related genes, 17 ferroptosis-related DEGs were obtained. GO enrichment analysis
indicated that primary biological processes of 17 ferroptosis-related DEGs enrichment had iron ion binding,
microvillus membrane and regulation of transcription from RNA polymerase II promoter in response to stress.
Based on univariate and multivariate Cox regression analysis, the multivariate prognostic risk prediction model
composed of three ferroptosis DEGs including MT1G, LAMP2 and MIOX was constructed. The results of patient
risk score indicated that the prognosis with high score was worse than those with low score. Meanwhile, we
found that the exprssion of MT1G, LAMP2 and MIOX were related with methylation and immune infiltration in
KIRC. Terroptosis-gene interaction and terroptosis-miRNA coregulatory network of MT1G, LAMP2 and MIOX
were collected by Network Analyst. Then, the ferroptosis-related prognosis nomogram, including age, gender,
grade, TNM and risk score, was found to predict the overall survival (OS) of KIRC patients. Finally, according to
ferroptosis related DEGs, the potential therapeutic effects of emetine, cephaeline,scoulerline, sanguinarine,
cicloheximide, tolfenamic acid, phenoxybenzamine and calmidazolium were predicted in KIRC.
Conclusion: The risk prediction models of MT1G, LAMP2 and MIOX can effectively predict the prognosis of
patients with KIRC. And MT1G, LAMP2 and MIOX are related to methylation and immune infiltration in KIRC,
which is expected to play a guiding role in the clinical treatment of KIRC. Targeted these three genes, potential
therapeutic drugs of emetine, cephaeline,scoulerline, sanguinarine, cicloheximide, tolfenamic acid,
phenoxybenzamine and calmidazolium were also predicted in KIRC.

Introduction
Renal cell carcinoma(RCC) is one of the most common malignant cancer of the urinary system, after bladder
cancer, accounting for 46.3% in all new cancer cases of the urinary system. According to the cancer statistics,
there will be about 73,750 new cases and 14,830 new deaths in the United States in 2020[1]. Kidney renal clear
cell carcinoma (KIRC) is the most common subtype of RCC, representing 70–85%[2]. At present, lots of risk
factors associated with the occurrence and progression of KIRC have been reported, such as smoking[3],
obesity[4], alcohol[5], hypertension[6], occupational exposure and drugs[7–8]. Although great breakthroughs have
been made in the diagnosis, treatment and prognosis of KIRC, the prognosis of patients with KIRC is still
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unsatisfactory[9], with about 30% of patients have tumor recurrence after being considered disease-free[10–11].
In 2020, about 179,368 patients died of RCC[12]. Currently, the pathogenesis of KIRC is unknown, and no
sensitive tumor biomarkers have been identified. Therefore, it is necessary to identify effective therapeutic
targets or to find promising prognostic biomarkers in KIRC.
Cell death plays a vital role in keeping normal development homeostasis and inhibiting excessive proliferation
of tumor cells[13], which be divided into two categories: accidental cell death (ACD) and regulated cell death
(RCD). RCD includes apoptosis, programmed necrosis, pyrosis and ferroptosis. The main characteristics of
ferroptosis are the accumulation of ferrous ions and the aggregation of lipid peroxides on the membrane14].
Ferroptosis not only participates in some pathological processes as a stress response[15–16], but also
contributes to the anticancer effect of some tumor suppressors (such as BaP1 and p53)[17–18]. It is highly
sensitive to ferroptosisis in tumor cells with inherent or acquired drug resistance[19–20], and is closely related to
the effect of tumor immunotherapy[21]. Whether ferroptosisis can participate in the body's development and
normal physiological process as programmed death such as apoptosis and autophagy is still under active
research, but there are many reports about the potential role of ferroptosis in tumor[22–23]. Most tumors are in a
state of high oxidative stress, so that tumor cells also need to increase the scavenging capacity of ROS to
prevent oxidative damage. Therefore, most tumor cells (such as hepatocellular carcinoma, osteosarcoma,
prostate cancer, ovarian cancer, etc.) are more vulnerable to iron death[24]. Further studies suggest that
ferroptotic cancer cells may affect anti-tumor immunity by oxidized lipid mediators or directly suppressing the
immune system[25].
According to existing studies, ferroptosis plays a vital role in the occurrence, development and anti-tumor
process of tumors. However, the function and mechanism of ferroptosis in KIRC remain unclear. Therefore, we
hope that through this study, we can clarify the expression level of ferroptosis related genes between normal
kidney and KIRC tissue, and explore their prognostic value and their correlation with tumor immune
microenvironment. Finally, potential drugs for treating KIRC by ferroptosis mechanism were predicted.

Results

Acquisition of ferroptosis-related DEGs
The related information of GEO datasets is shown in Table 1. In GSE168845, 1072 DEGs were chosen from
KIRC and normal group, including 422 up-regulated genes and 650 down-regulated genes. In GSE105261, 574
DEGs were screened, including 194 up-regulated genes and 380 down-regulated genes. In GSE11151, 886 DEGs
were screened, including 343 up-regulated genes and 543 down-regulated genes(Fig. 1A). Through the FerrDb
database, we collected 149 ferroptosis related genes and details were listed in Table S1. Next, ferroptosisrelated DEGs were obtained by the intersection of ferroptosis-related genes and DEGs. Finally 17 ferroptosisrelated DEGs were obtained (Fig. 1A), including MIOX, SLC7A11, HILPDA, ATF3, MUC1, CAV1, ARNTL, ALOX5,
LAMP2, HSPB1, SCD, CA9, CDKN2A, LINC00472,ACSF2, MT1G and PROM2.
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Table 1
The information of datasets from the GEO database
Accession number

Platform

Samples

Experiment type

Organism

GEO: GSE168845

GPL21185

8

expression profiling by array

Homo sapiens

GEO: GSE105261

GPL10558

44

expression profiling by array

Homo sapiens

GEO: GSE11151

GPL570

58

expression profiling by array

Homo sapiens

GO enrichment analysis indicated that primary biological processes of 17 ferroptosis-related DEGs enrichment
had iron ion binding, microvillus membrane and regulation of transcription from RNA polymerase II promoter in
response to stress (Fig. 2B and Table 2). Moreover, PPI and MCODE plug-in identified the significant modules in
these ferroptosis genes(Fig. 1C-D).
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Table 2
GO enrichments analysis of the dysregulated ferroptosis genes in KIRC.
ONTOLOGY

ID

Description

GeneRatio

BgRatio

pvalue

p.adjust

qvalue

BP

GO:0048548

regulation of
pinocytosis

2/16

11/18670

3.77e05

0.018

0.011

BP

GO:0072584

caveolinmediated
endocytosis

2/16

11/18670

3.77e05

0.018

0.011

BP

GO:0051775

response to
redox state

2/16

14/18670

6.23e05

0.018

0.011

BP

GO:0043618

regulation of
transcription
from RNA
polymerase II
promoter in
response to
stress

3/16

121/18670

1.40e04

0.018

0.011

BP

GO:0006907

pinocytosis

2/16

21/18670

1.43e04

0.018

0.011

CC

GO:0031528

microvillus
membrane

2/16

23/19717

1.55e04

0.014

0.010

CC

GO:0005811

lipid droplet

2/16

81/19717

0.002

0.033

0.023

CC

GO:0045121

membrane raft

3/16

315/19717

0.002

0.033

0.023

CC

GO:0098857

membrane
microdomain

3/16

316/19717

0.002

0.033

0.023

CC

GO:0005902

microvillus

2/16

83/19717

0.002

0.033

0.023

MF

GO:0016701

oxidoreductase
activity, acting
on single
donors with
incorporation of
molecular
oxygen

2/16

28/17697

2.86e04

0.010

0.005

MF

GO:0005506

iron ion binding

3/16

152/17697

3.20e04

0.010

0.005

MF

GO:0030291

protein
serine/threonine
kinase inhibitor
activity

2/16

32/17697

3.74e04

0.010

0.005

MF

GO:0015485

cholesterol
binding

2/16

49/17697

8.79e04

0.018

0.009

MF

GO:0032934

sterol binding

2/16

56/17697

0.001

0.019

0.010

Construction and validation of Prognostic risk prediction model
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Univariate Cox regression analysis was performed on 17 ferroptosis-related DEGs, and 7 genes associated
with prognosis were found, namely CDKN2A, LINC00472, MT1G, PROM2, CA9, LAMP2 and MIOX
(Figs. 2A–G and Table 3). The differential expression of 7 ferroptosis-related DEGs in tumor and adjacent
tissues was analyzed by TCGA KIRC database. The expression of CDKN2A, LAMP2 and CA9 was higher in
KIRC than normal renal tissues. The expression of LINC00472, MT1G, PROM2 and MIOX was lower in KIRC
than normal renal tissues (Fig. 3A-G). Through multivariate Cox regression analysis of the above 7
ferroptosis-related DEGs, we determined that MT1G, LAMP2 and MIOX were independent prognostic
signatures (Table 3). Subsequently, single gene enrichment analysis was performed for MT1G, LAMP2 and
MIOX. Pathway enrichment analysis showed that all three genes were involved in the immunoregulatory
interactions between a lymphoid and a non-lymphoid cell (Fig. 4A-C). MT1G played an important role in
metabolic disorders of biological oxidation enzymes(Fig. 4D). LAMP2 was concerned with oxidative stress
induced senescence(Fig. 4E), and MIOX had an effect on iron uptake and transport(Fig. 4F).
Table 3
Univariate and multivariate Cox regression analyses of the seven ferroptosis genes for OS in the entire TCGA
cohort.
Characteristics

Total(N)

Univariate analysis

Multivariate analysis

Hazard ratio (95%
CI)

P
value

Hazard ratio (95%
CI)

P
value

CDKN2A (Low vs. High)

539

0.734 (0.544–
0.992)

0.044

0.765 (0.563–
1.038)

0.085

LINC00472 (Low vs.
High)

539

1.557 (1.146–
2.117)

0.005

1.122 (0.800-1.574)

0.505

MT1G (Low vs. High)

539

0.592 (0.437–
0.802)

<
0.001

0.666 (0.486–
0.914)

0.012

PROM2 (Low vs. High)

539

0.558 (0.411–
0.758)

<
0.001

0.641 (0.467–
0.879)

0.052

CA9 (Low vs. High)

539

1.422 (1.051–
1.924)

0.022

1.356 (0.999–
1.843)

0.051

LAMP2 (Low vs. High)

539

1.722 (1.267–
2.339)

<
0.001

1.549 (1.128–
2.128)

0.007

MIOX (Low vs. High)

539

1.959 (1.439–
2.667)

<
0.001

1.603 (1.158–
2.219)

0.004

LASSO Cox regression analysis of CDKN2A, LINC00472, MT1G, PROM2, CA9, LAMP2 and MIOX was used to
establish the prognosis model. Through it, the optimal 3 ferroptosis-related DEGs were MT1G, LAMP2 and
MIOX. Lambda.min = 0.0206, RiskScore=(0.0563)*MT1G+(-0.2932)*LAMP2+(-0.1039)*MIOX. KIRC patients
were classified as either high or low risk based on the median risk score (50%), and the high-risk group was
found to have a higher mortality than the low risk group (Fig. 5A). In survival analysis, Kaplan Meier curve
indicated the OS of high-risk group was significantly lower than that of low-risk group, and p < 0.001 (Fig. 5B).
ROC was used to evaluate the predictive performance of overall survival risk score. The AUC was 0.676 (1-year
OS), 0.644 (3-year OS) and 0.674 (5-year OS) (Fig. 5C). It indicates that the prediction model was well
established and MT1G, LAMP2 and MIOX were considered as prognostic value genes.
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Clinicopathological correlation analysis and a nomogram
construction
The correlation among MT1G, PROM2 and MIOX in the prognostic risk prediction model and
clinicopathological characteristics was analyzed. The consequences showed that the expression of three genes
were correlated with T stage and pathological stage, and not correlated with laterality (Fig. 6A-C). 1-,3-, and 5year OS for KIRC patients was predicted by nomograms and the association between related variables and
prognosis was evaluated, identifying the potential prognostic value of age, gender, grade, TNM stage and risk
score. Additionally, we find that the calibration curve of the prediction probability is consistent with the 3-year
OS in nomograms.

Relationship between the expression of MT1G, PROM2 and
MIOX and immune cell infiltration
In order to explore the potential relationship between the expression of MT1G, PROM2 and MIOX and the level
of immune invasion in KIRC, TIMER was used to conduct correlation analysis. Firstly, we found some immune
cell infiltration levels is associated with altered copy numbers of MT1G, LAMP2 and MIOX, including B cells,
CD4 + T cells, CD8 + T cells, macrophages, neutrophil and dendritic cells (DCs) in KIRC (Fig. 7D-F). Next, we
showed that MT1G, LAMP2 and MIOX expression has markedly positively correlated with infiltrating levels of
these 6 types cells in KIRC (Fig. 7A-C). These results showed that tumor-infiltrating immune cells may be
associated with MT1G, LAMP2, and MIOX, thereby affecting the occurrence, development, and clinical outcome
of KIRC.

Relationship between methylation and expression of MT1G,
LAMP2 and MIOX
We also investigated the correlation of MT1G, LAMP2 and MIOX expression levels and their methylation status.
Normalized mRNA expression data of KIRC were obtained from TCGA database. The differentially expressed of
methylation of m6A related genes in KIRC tissues with high and low MT1G, LAMP2 and MIOX was shown in
Fig. 8A-C. The results suggest that methylation of m6A may have an influence on the MT1G, LAMP2 and MIOX
in KIRC.

TF-gene interactions and TF-miRNA coregulatory network
TF-gene related to MT1G, LAMP2, and MIOX were identified by Network Analyst and got TF-gene interactions.
The interaction network of TF regulators with MT1G, LAMP2 and MIOX was visualized (Fig. 9A). The interaction
network covered 46 nodes and 49 edges. LAMP2, MT1G, and MIOX were regulated by 6,16, and 27 TF-genes,
respectively, and there are several identical DEGs in this regulatory network, such as ATF3, MXD3, GATAD1,
EZH2, MAZ, and KLF8 (Fig. 9A). The studies showed that TF-gene had obvious correlation and interaction to
common DEGs. Whereafter, we also obtained the interaction network of TF-miRNA coregulatory by RegNetwork
Repository, which made by 62 nodes and 61 edges, and detected miRNAs and regulatory TFs that regulate
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common DEGs at transcriptional and post-transcriptional levels (Fig. 9B). These interactions may be a potential
mechanism to control the expression of DEGs.

Prediction of small molecule therapeutics
In the gene database of KIRC (GSE11151), we collated the valuable ferroptosis related DEGs probes of three
mRNAs (MT1G, LAMP2, MIOX), which were divided into up-regulation probe (200821_at) and down-regulation
probe (204745_x_at, 224179_s_at). The Cmap database was used to import probes to obtain 8 potential drugs
for MT1G, LAMP2 and MIOX in KIRC, namely emetine, cephaeline, scoulerline, sanguinarine, cicloheximide,
tolfenamic acid, phenoxybenzamine and calmidazolium (Figs. 10A-I).

Discussion
According to the cancer statistics report, more than 65,000 patients were diagnosed with RCC, and nearly
15,000 deaths happened in RCC patients in USA every year[33]. About one third of patients with localized RCC
recurred or had metastases after surgical treatment[34]. Currently, the prognosis of KIRC is unsatisfactory, with
tumor recurrence in about 30% of patients who are considered disease-free. Since sensitive biomarkers for KIRC
have not been identified, we hope to explore and identify effective therapeutic targets and useful prognostic
biomarkers through the molecular mechanisms of KIRC occurrence and progression.
The present studies showed that selective induction of cancer cell death had become the most effective
method of tumor treatment[35~36], and ferroptosis, as a programmed cell death, can regulate the occurrence and
progression of tumor cells. Wang et al[37] found that CD8 + T cells can regulate cell ferroptosis to affect the
therapeutic effect of tumors. Therefore, it is important to study the relationship between ferroptosis and the
immune micro-environment of KIRC, which may change the current pattern of surgical resection, chemotherapy,
and radiotherapy in KIRC patients[34], and effectively improve the OS of advanced KIRC patients. The purpose
of this study is to investigate the relationship between ferroptosis and the immune micro-environment in KIRC
by comprehensive bioinformatics analysis, and to identify effective prognostic biomarkers associated with
ferroptosis in KIRC. Finally, therapeutic targets related to ferroptosis were explored and potential drugs for the
KIRC treatment were predicted.
In this study, we firstly cross-analyzed the DEGs, which from GSE168845, GSE105261 and GSE11151, with the
ferroptosis genes from the FerrDb database, and obtained 17 ferropsis-related DEGs. In this process, it was
important to note that since there was only 1 fully overlapped gene, we did not select the intersection of the four
datasets, but the overlapped gene of the FerrDb database and each GSE dataset. Then, GO/KEGG analysis of
17 ferroptosis-related DEGs revealed that these genes were associated with iron ion binding, microvillus
membrane and regulation of transcription from RNA polymerase II promoter in response to stress. Next,
univariate and multivariate Cox regression analyses were used to identify ferroptosis genes associated with
poor prognosis. MT1G, LAMP2 and MIOX were identified as independent genes with prognostic value, and a
prognostic model was constructed based on this. Subsequently, we explored the immune cell infiltration of the
TME by TIMER. We found the proportions of B cells, CD4 + T cells, CD8 + T cells, macrophages, neutrophil and
dendritic cells were statistically significant. we also studied the correlation of MT1G, LAMP2 and MIOX
expression levels and their methylation status. The results suggested that methylation of m6A had an influence
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on the MT1G, LAMP2 and MIOX in KIRC. Meanwhile, the analysis of the TF-gene interactions and TF-miRNA
coregulatory network delivered miRNAs and TFs interaction with MT1G, LAMP2 and MIOX. Finally, Cmap and
PubChem22 database were used to predict potential drugs for treating KIRC by ferroptosis mechanism against
MT1G, LAMP2 and MIOX, such as emetine, cephaeline, scoulerline, sanguinarine, cicloheximide, tolfenamic
acid, phenoxybenzamine and calmidazolium.
In 2016, sun et al published an article in the authoritative journal "pathology", which found that MT1G promoted
the drug resistance of hepatocellular carcinoma to sorafenib by inhibiting ferroptosis[38]. MT1G is a kind of
small molecular protein with highly conserved structure, which can induce metal responsive elements and
regulate the expression of related genes by combining with metal ions[38]. Lysosomal granule membrane
protein (LAMP2) is chiefly expressed in placenta, lung and liver. In the past, it was considered to be a structural
protein. Recent studies suggest that LAMP2 not only performs the function of structural protein, but also
participates in autoimmune diseases, autophagy formation, endosome fusion, cholesterol transport, liver
fibrosis and other physiological and pathological processes[39]. Myo-inositol oxygenase (MIOX) is a proximal
tubule specific enzyme that breaks myo-inositol into D-glucuronate[40] and damages the renal tubules through
ferroptosis[41]. Because the MIOX promoter has osmotic response elements, carbohydrate response elements,
oxidation response elements and sterol response elements, its transcription is regulated by high sugar,
oxidative stress, and free fatty acids[42].
Interestingly, with MT1G, LAMP2 and MIOX probes, we had identified 8 potential drugs for the treatment of KIRC
through ferroptosis mechanisms. Four of them were alkaloids, such as emetine, cephaeline, scoulerline and
sanguinarine. At present, lots of studies had proved that alkaloids screened from medicinal plants and Chinese
herbal medicines have anti-proliferation, anti-metastasis and other anti-cancer effects on a variety of tumors in
vivo and in vitro[43~44], including RCC and KIRC[45]. Atma, B, et al found that soyauxinium chloride could
activate caspases3/7/8/9, change metalloproteinase and increase ROS to cause ferroptosis in CCRF-CEM
cells[46]. Lu, S. et al also found that brucine could induce upregulation of ATF3 by endoplasmic reticulum stress
to cause the accumulation of H2O2, which result in iron increase, transferrin receptor up-regulation and lipid
peroxidation, eventually leading to ferroptosis in glioma cells[47]. However, no studies have shown whether
alkaloids can affect the development of KIRC through ferroptosis mechanisms. The exploration of potential
drugs is expected to provide a new research direction and theoretical basis for the treatment of KIRC.
In addition to this study, we noted that Lu et al[48], Liang et al[49] and Liu et al[50] respectively explored
ferroptosis-related genes in different tumors and established a prediction model for OS. But we're using a
different approach, and we're doing a more comprehensive search for ferroptosis-related genes and predicting
potential drugs. We believe that this study will provide new insights into the immunotherapy of KIRC.

Conclusion
Through comprehensive bioinformatics analysis of GSE and FerrDb Database, based on MT1G, LAMP2 and
MIOX, we constructed the prognostic risk prediction model, which could effectively predict the prognostic status
of KIRC patients. MT1G, LAMP2, and MIOX were associated with the micro-environment of KIRC tumor immune
invasion and methylation, which might influence the progress of KIRC. Finally, we used MT1G, LAMP2 and
MIOX to predict 8 potential drugs for treating KIRC through ferroptosis mechanism. Among them, emetine,
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cephaeline, scoulerline and sanguinarine were all alkaloid. Therefore, we believe that alkaloids can influence
KIRC progression through ferroptosis, but lots of subsequent basic experiments are needed to verify.

Materials And Methods

Data acquisition and processing
Three chip datasets of GSE168845, GSE105261 and GSE11151 were downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo). In R software, the original chip data of GSE168845, GSE105261 and
GSE11151 are background corrected and standardized through Affy package. In addition, the clinical
information of KIRC was extracted from TCGA database (https://www.cancer.gov/tcga/) for subsequent
survival analysis and multivariate Cox regression analysis. Through the FerrDb database, we collected a total
of 149 ferroptosis related genes, including drivers, suppressors, and markers, as detailed in Table S1.

Differentially expressed ferroptosis genes and GSEA
enrichment analysis
Differential expression genes (DEGs) between normal group and tumor group in GSE168845, GSE105261 and
GSE11151 were screened by limma package. The absolute value of difference multiple (|log2 fold change|) > 1
and P value < 0.05 were the screening conditions of DEGs. Then, ferroptosis-related DEGs were gained by the
intersection of ferroptosis-related genes and DEGs. Finally 17 ferroptosis-related DEGs were obtained.
The clusterprofiler package is used to perform GSEA on the ferroptosis-related DEGs, including GO enrichment
and Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway enrichment analysis. The p.value <
0.05 is used as the screening threshold. The protein-protein interaction (PPI) network for 17 ferroptosis-related
DEGs was established by STRING (https://string-db.org/). Then, the closely related areas are further analyzed
with the MCODE Plug-in.

Construction and validation of prognostic model
7 prognostic genes were identified by univariate Cox regression analysis of 17 ferroptosis-related DEGs, when p
< 0.05 was considered statistically significant. The differential expression of 7 ferroptosis-related DEGs in KIRC
tissues and adjacent tissues was analyzed by R-package using TCGA database. Meanwhile, 7 ferroptosisrelated DEGs were analyzed by multivariate Cox regression, and the prognostic risk prediction model was
established. Then, MT1G, PROM2, and MIOX were identified as independent prognostic factors in multivariate
Cox regression. Subsequently, single gene enrichment analysis was performed for these three genes. In order to
minimize the risk of over-fitting, we established the prognostic model by lasso Cox regression analysis and Rpackage "glmnet". In the regression analysis, independent variables were the expression levels of MT1G,
PROM2, and MIOX, and dependent variables were OS and status of KIRC patients. Therefore, based on MT1G,
PROM2, and MIOX, we obtained the optimal prognosis model and the corresponding regression coefficient.
Patient Risk Scores were calculated based on standardized gene expression levels and associated regression
coefficients. In the survival analysis, patients were divided into high and low risk groups, and the R-package
"survminer" was used to construct the survival curve. At the same time, the area under the curve (AUC) of “time
receiver operating characteristic curve (ROC)” was used to evaluate the predictive ability of the independent
prognostic gene prognosis model in R-packet "timeroc".
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Clinicopathological correlation analysis and a nomogram
construction
Based on "survival" package in R software, combined with the clinicopathological characteristics of patients (T
stage, laterality and pathological stage), the correlation between MT1G, PROM2 and MIOX in the model and
clinicopathological characteristics was analyzed. Through R package "rms", the nomogram and calibration
curve were obtained. Risk Scores associated with prognostic models were used as prognostic factors to
evaluate 1-,3- and 5-year OS [26], and the calibration curve of 3 year OS was plotted.

Relationship between MT1G, LAMP2 and MIOX and tumor
immune cell infiltration
Using TIMER[27] (https://cistrome.shinyapps.io/timer/) Database, the correlation between MT1G, LAMP2 and
MIOX expression and copy number and various immune cells in KIRC was searched and analyzed through gene
module, including B cells, CD4 + T cells, CD8 + T cells, macrophages, neutrophils and dendritic cells. When P <
0.05, the difference was statistically significant.

Relationship between MT1G, LAMP2 and MIOX expression and
methylation
The RNA sequences of MT1G, LAMP2 and MIOX were obtained by TCGA database in KIRC. The differential
expression of methylation of m6A related genes in KIRC tissues with high and low MT1G, LAMP2 and MIOX
gene expression was analyzed by R package.

TF-gene interaction and TF-miRNA coregulatory network
analysis
The effect of TF-gene on functional pathway and expression degree was analyzed through the TF-gene
interaction with MT1G, LAMP2 and MIOX[28], and TF-gene interaction network was established by ENCODE
database in Network Analyst[29] (https://www.encodeproject.org/). We obtained the interaction network of TFmiRNA coregulatory by RegNetwork Repository[30–31], which detects miRNAs and regulatory TFs that regulate
MT1G, LAMP2 and MIOX at transcriptional and post-transcriptional levels.

Screening of Small Molecule Therapeutic Drugs
The valuable ferroptosis-related DEGs (MT1G, LAMP2 and MIOX) were analyzed for drug prediction in
Connectivity Map (Cmap) (https://pubchem.ncbi.nlm.nih.gov/), which often used to explore possible drugs to
treat diseases. Enrichment<-0.8 and p < 0.01 were as the standard for screening drugs. Based on PubChem22
database, the molecular formula (MF), 3D structure and PubChem CID of potential drugs were obtained, which
treat KIRC by ferroptosis mechanism.

Statistical analysis
Related researches of this paper were completed by R software 3.6.2, in which "limma" package was used for
differential gene acquisition, "cluster profiler" and "org. HS. Eg.db" were used for functional enrichment analysis,
and "survival" package was used for Kaplan Meie survival analysis[32].
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Figures

Figure 1
Overview of the differentially expressed ferroptosis signatures in KIRC (A) Venn diagram showing the
dysregulated ferroptosis genes common to the four datasets. (B) Graph showing the GO analysis. (C and D) PPI
network and MCODE showing the hub genes in the ferroptosis gene set.
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Figure 2
Kaplan-Meier plots and forests plot of the prognostic ferroptosis signature (A-G) Kaplan-Meier plots showing
the ferroptosis genes with prognostic value. (H) The forest plot showing the results of the univariate Cox
regression analyses.
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Figure 3
Expression profile of the ferroptosis genes with prognostic value in KIRC samples compared with normal
tissues(A-G)
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Figure 4
Single gene enrichment analysis of MT1G, LAMP2 and MIOX. (A-C) REACTOME IMMUNOREGULATORY
INTERACTIONS BETWEEN A LYMPHOID AND A NON LYMPHOID CELL of MT1G, LAMP2 and MIOX. (D)
REACTOME METABOLIC DISORDERS OF BIOLOGICAL OXIDATION ENZYMES of MT1G. (E) REACTOME
OXIDATIVE STRESS INDUCED SENESCENCE of LAMP2. (F) REACTOME IRON UPTAKE AND TRANSPORT of
MIOX.
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Figure 5
The ferroptosis genes accurately predict survival of KIRC patients Risk score distribution, survival status, and
expression of 3 ferroptosis genes for patients in low-and high-risk groups (A), KM survival analyses (B), time
dependent ROC curve analyses (C) in TCGA set.
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Figure 6
Three ferroptosis genes significantly correlates with multiple clinicopathological factors in KIRC patients The
relationships between three ferroptosis genes and clinicopathological factors in entire TCGA cohort (A-C). (D)
Nomogram for predicting 1‐, 3‐, and 5-year OS in entire TCGA cohort. (E) Calibration curves of nomogram on
consistency between predicted and observed 3-year survival in entire TCGA cohort. Dashed line at 45°
implicated a perfect prediction, and the actual performances of our nomogram were shown in blue lines.
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Figure 7
Three ferroptosis genes expression is correlated with immune infiltration levels in KIRC. (A–C) Based on the
TIMER database, we detected the correlation of three ferroptosis genes with levels of Cancer associated B cell,
Myeloid dendritic cell, CD4+ T cell, Neutrophil, CD8+ T cell, Macrophage. (D-F) Association between three
ferroptosis genes copy number and immune cell infiltration levels in KIRC cohorts.
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Figure 8
The difference of expression of methylation of m6A related genes in KIRC tissues with high and low MT1G (A),
LAMP2 (B)and MIOX (C) gene expression. G1 is a high expression group and G2 is a low expression group.
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Figure 9
Network for TF-gene interaction (A) and TF-miRNA(B) coregulatory network with three ferroptosis genes. (A)
The highlighted red color node represents the ferroptosis genes and other nodes represent TF-genes. The
network consists of 46 nodes and 49 edges. (B)The network presents the TF-miRNA coregulatory network. The
network consists of 62 nodes and 61 edges including 24 TF-genes, 38 miRNA and three differentially expressed
genes. The nodes in red color are the differentially expressed genes, a blue node represents miRNA and green
nodes indicate TF-genes.
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Figure 10
Prediction results of potential small molecule drugs for the treatment of KIRC based on 3 target genes. (A)
mRNA was used to predict potential drugs for the treatment of KIRC. (B-H) Prediction results of targeted drugs.
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