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Background: Ferroptosis is closely related to the occurrence and development of cancer.
An increasing number of studies have induced ferroptosis as a treatment strategy for
cancer. However, the predictive value of ferroptosis-related lncRNAs in bladder cancer
(BC) still need to be further elucidated. The purpose of this study was to construct a
predictive signature based on ferroptosis-related long noncoding RNAs (lncRNAs) to
predict the prognosis of BC patients.

Methods: We downloaded RNA-seq data and the corresponding clinical and prognostic
data from The Cancer Genome Atlas (TCGA) database and performed univariate and
multivariate Cox regression analyses to obtain ferroptosis-related lncRNAs to construct a
predictive signature. The Kaplan-Meier method was used to analyze the overall survival
(OS) rate of the high-risk and low-risk groups. Gene set enrichment analysis (GSEA) was
performed to explore the functional differences between the high- and low-risk groups.
Single-sample gene set enrichment analysis (ssGSEA) was used to explore the relationship
between the predictive signature and immune status. Finally, the correlation between the
predictive signature and the treatment response of BC patients was analyzed.

Results: We constructed a signature composed of nine ferroptosis-related lncRNAs
(AL031775.1, AL162586.1, AC034236.2, LINC01004, OCIAD1-AS1, AL136084.3,
AP003352.1, Z84484.1, AC022150.2). Compared with the low-risk group, the high-
risk group had a worse prognosis. The ferroptosis-related lncRNA signature could
independently predict the prognosis of patients with BC. Compared with
clinicopathological variables, the ferroptosis-related lncRNA signature has a higher
diagnostic efficiency, and the area under the receiver operating characteristic curve
was 0.707. When patients were stratified according to different clinicopathological
variables, the OS of patients in the high-risk group was shorter than that of those in
the low-risk group. GSEA showed that tumor- and immune-related pathways were mainly
enriched in the high-risk group. ssGSEA showed that the predictive signature was
significantly related to the immune status of BC patients. High-risk patients were more
sensitive to anti-PD-1/L1 immunotherapy and the conventional chemotherapy drugs
sunitinib, paclitaxel, cisplatin, and docetaxel.
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Conclusion: The predictive signature can independently predict the prognosis of BC
patients, provides a basis for the mechanism of ferroptosis-related lncRNAs in BC and
provides clinical treatment guidance for patients with BC.
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INTRODUCTION

Bladder cancer (BC) is the ninth most common malignant cancer
in the world and the most common tumor in the urinary system
(Bray et al., 2018). BC is divided into muscle-invasive BC (MIBC)
and non-MIBC (NMIBC); 75% of patients are NMIBC, and 25%
are MIBC (Witjes et al., 2021). The 5-years survival rate of
NMIBC is more than 90% (Knowles and Hurst, 2015).
Approximately 50–70% of patients with NMIBC will relapse,
and approximately 10–20% will develop MIBC (Rübben et al.,
1988). The 5-years survival rate of patients with MIBC is less than
50% (Alfred-Witjes et al., 2017). Progress has been made in the
treatment of BC with the emergence of immune checkpoint
inhibitors. For advanced BC, cisplatin-based combination
chemotherapy is the first-line treatment option. The high
recurrence rate and drug resistance phenotype of BC are
present difficulties in clinical research. Therefore, looking for
predictive markers of BC could be of great significance for
monitoring the recurrence of BC and revealing new
therapeutic targets.

Ferroptosis is an iron-dependent form of nonapoptotic cell
death (Dixon et al., 2012). Ferroptosis is a newly discovered form
of cell death caused by the accumulation of intracellular iron and
lipid reactive oxygen species (Hirschhorn and Stockwell, 2019).
Ferroptosis is mainly marked by a significant increase in
cytoplasmic iron and lipid reactive oxygen species, a decrease
in the volume of mitochondria, and an increase in the thickness of
the bilayer membrane (Xie et al., 2016). Recent studies have
shown that ferroptosis is closely related to the occurrence and
development of cancer, and the induction of ferroptosis has
become a new type of tumor treatment. miR-324-3p reverses
cisplatin resistance by inducing GPX4-mediated ferroptosis in
lung adenocarcinoma (Deng et al., 2021). SUV39H1 deficiency
inhibits the growth of clear cell renal cell carcinoma by inducing
ferroptosis (Wang et al., 2021). Silencing PTPN18 can induce
ferroptosis in endometrial cancer through p-P38-mediated
downregulation of GPX4/xCT (Wang et al., 2021). Apatinib
promotes ferroptosis in colorectal cancer by targeting
ELOVL6/ACSL4 (Tian et al., 2021). Inhibition of GPX4 can
induce ferroptosis and enhance the sensitivity of triple-
negative breast cancer to gefitinib (Song et al., 2020).

Long noncoding RNAs (lncRNAs) are noncoding RNAs with
lengths of more than 200 nucleotides. LncRNAs regulates
tumorigenesis (Schmitt and Chang, 2016). ADAMTS9-AS2
regulates the proliferation, migration and apoptosis of BC cells
by targeting miR-182-5p (Guo et al., 2021). The LINC01140/
miR-140-5p/FGF9 axis regulates the invasiveness of BC cells and
the M2 polarization of macrophages (Wu et al., 2020). LncRNA
PVT1 accelerates the malignant phenotype of BC cells by
regulating the miR-194-5p/BCLAF1 axis as a competing

endogenous RNA (Chen et al., 2020). LncRNAs are critical
factors in the chemoresistance of BC (Zangouei et al., 2020).
At present, there are few studies on lncRNAs related to
ferroptosis and the research on ferroptosis-related lncRNAs in
BC has not been reported.

In this study, we constructed a predictive signature based on
ferroptosis-related lncRNAs; analyzed its value for evaluating the
prognosis, diagnosis, chemotherapy response and tumor immune
infiltration of BC patients; and conducted internal verification.
We further carried out gene enrichment analysis (GSEA) to the
explore potential mechanisms.

MATERIALS AND METHODS

Patients and Datasets
We downloaded the fragments per kilobase of transcript per
million mapped reads (FPKM)-standardized RNA-seq data and
the corresponding clinical and prognostic data for The Cancer
Genome Atlas bladder cancer (TCGA-BLCA) dataset from the
TCGA website (https://portal.gdc.cancer.gov/); data for 406
patients with lncRNA expression values and survival times
were obtained. We obtained disease-free survival (DFS) data
for 319 BC patients from the cBioPortal database (https://
www.cbioportal.org/). A total of 259 ferroptosis-related genes
(drivers: 108; suppressors: 69; markers: 111) were downloaded
from FerrDb (Zhou and Bao, 2020).

Functional Enrichment Analysis of
Differentially Expressed
Ferroptosis-Related Genes
We used a false discovery rate (FDR) < 0.05 and |log 2 fold change
(FC) > 1| as screening criteria to obtain ferroptosis-related
differentially expressed genes (DEGs). We performed Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses in the “ggplot2” package.

Construction of the Ferroptosis-Related
lncRNA Predictive Signature
We used the “limma” package to calculate the correlation
between ferroptosis-related genes and lncRNAs. Using the
correlation coefficient |R2 | > 0.4 and p < 0.001 as the
screening criteria, a total of 805 ferroptosis-related lncRNAs
with expression values were obtained. We first used univariate
Cox regression analysis to obtain ferroptosis-related lncRNAs
related to the prognosis of BC patients, and then we carried out
multivariate Cox regression analysis to obtain ferroptosis-related
lncRNAs for constructing the ferroptosis-related lncRNA
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predictive signature. The computational formula used for this
analysis was as follows:

Risk score � ∑
n

i�1
(Coef i × xi)

Coef represents the coefficient value, and x represents the
expression value of selected ferroptosis-related lncRNAs. This
formula was used to calculate the risk score of each BC patient.

Construction of Nomogram
We combined the risk score with the clinicopathological
characteristics of age, sex, stage, N stage to construct a
nomogram that can predict the 1-, 3-, and 5-years survival
of BC patients. We used a calibration curve to test whether the
predicted survival rate was consistent with the actual
survival rate.

Functional Enrichment Analysis of the
Ferroptosis-Related lncRNA Predictive
Signature
According to the median value of the risk score, BC patients were
divided into high- and low-risk groups. GSEAwas used to analyze
which pathway genes were mainly enriched (Subramanian et al.,
2005). GSEA was carried out with GSEA 4.1.0 (http://www.broad.
mit.edu/gsea/). Nominal p < 0.05 and FDR <0.25 were considered
the thresholds for statistical significance. The infiltration scores of
16 immune cells and the activities of 13 immune-related
pathways were calculated using the “GSVA” package by
single-sample gene set enrichment analysis (ssGSEA) (Rooney
et al., 2015).

The Role of the Predictive Signature in
Predicting the Clinical Treatment Response
To evaluate the role of the predictive signature in predicting the
response to BC treatment, we calculated the half-maximal
inhibitory concentration (IC50) of common chemotherapy
drugs applied for the clinical treatment of BC. The Wilcoxon
signed-rank test was used to compare the IC50 values between the
high- and low-risk groups.

Statistical Analysis
All statistical analyses were performed with R software (Version
4.0.2). The Wilcoxon test was used to analyze the expression
levels of ferroptosis-related DEGs in cancer tissues and normal
tissues. Univariate Cox regression analysis was used to analyze
the relationship between ferroptosis-related lncRNAs and overall
survival (OS), and multivariate Cox analysis was used to screen
ferroptosis-related lncRNAs to construct a predictive signature.
The Kaplan-Meier method and log-rank test were used to analyze
the OS of patients in the high- and low-risk groups. The
“survivalROC” package was used to draw the receiver
operating characteristic (ROC) curves and determine the area
under the curve (AUC) values. The “GSVA” package was used for
ssGSEA.

RESULTS

Enrichment Analysis of Ferroptosis-Related
Genes
Figure 1 is a flowchart of our research. We obtained
61 ferroptosis-related DEGs, including 36 upregulated genes

FIGURE 1 | The flowchart of our research. BC, bladder cancer; TCGA, The Cancer Genome Atlas; DFS, disease-free survival; DEGs, differentially expressed genes;
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; lncRNAs, long noncoding RNAs; ROC, receiver operating characteristic; GSEA, gene
enrichment analysis; ssGSEA, single-sample gene set enrichment analysis.
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and 25 downregulated genes (Figure 2A). We performed KEGG
and GO analyses of ferroptosis-related DEGs. KEGG pathway
analyses indicated that ferroptosis-related DEGs were mainly
enriched in the p53 signaling pathway, ferroptosis, kaposi
sarcoma-associated herpesvirus infection, the IL-17 signaling
pathway, microRNAs in cancer, the TNF signaling pathway,
fluid shear stress and atherosclerosis, insulin resistance, the
PI3K-Akt signaling pathway and the HIF-1 signaling pathway
(Figure 2B). In the biological process category, GO analysis
showed that DEGs were mainly enriched in the response to
glucocorticoids, the intrinsic apoptotic signaling pathway, the
response to oxidative stress, etc. In the cellular components
category, the DEGs were mainly enriched in heterochromatin,
melanosomes, the endoplasmic reticulum lumen, etc., In the
molecular function category, the DEGs were mainly enriched

in iron ion binding, ferric iron binding, DNA-binding
transcription repressor activity, etc (Figure 2C).

Construction of the Ferroptosis-Related
lncRNA Predictive Signature
We identified 805 ferroptosis-related lncRNAs (Supplementary
Table S1). Univariate Cox regression analysis revealed that 33
lncRNAs were associated with the prognosis of BC patients.
Multivariate Cox regression analysis revealed that
9 ferroptosis-related lncRNAs (AL031775.1, AL162586.1,
AC034236.2, LINC01004, OCIAD1-AS1, AL136084.3,
AP003352.1, Z84484.1, AC022150.2) were identified to
construct a predictive signature. The expression levels of
9 ferroptosis-related lncRNAs in BC patients were shown in

FIGURE 2 |GO and KEGG analyses of ferroptosis-related DEGs in cancer and adjacent tissues. (A) Volcano plot of 259 ferroptosis-related genes in BC. Red dots
represent up-regulated genes and green dots represent down-regulated genes. (B) KEGG analysis of ferroptosis-related DEGs. (C) GO analysis of ferroptosis-related
DEGs. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; FC, fold change; fdr, false discovery rate; BP,
biological process; CC, cellular components; MF, molecular function.
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Figure 3A. We further visualized the lncRNAs with Cytoscape
and the ggalluvial R software package. The co-expression network
contained 18 pairs lncRNA-mRNA (Figure 3B, |R2 | > 0.4 and p <
0.001). AC022150.2 had coexpressive relationship with three
ferroptosis-related genes (SETD1B, ZNF419 and SP1),
LINC01004 had coexpressive relationship with three
ferroptosis-related genes (ZNF419, TUBE1 and KLHL24),
OCIAD1-AS1 had coexpressive relationship with three
ferroptosis-related genes (SP1, TUBE1 and KLHL24), Z84484.1
had coexpressive relationship with three ferroptosis-related genes
(PML, IFNG and SOCS1), AL162586.1 had coexpressive
relationship with two ferroptosis-related genes (KLHL24 and
ATM), AC034236.2 was coexpressed with PHKG2,
AL031775.1 was coexpressed with NFS1, AP003352.1 was
coexpressed with STAT3, and AL136084.3 was coexpressed
with ZEB1. AL031775.1, AL162586.1, AC034236.2, OCIAD1-

AS1, AP003352.1, Z84484.1 and AC022150.2 were protective
factors, while LINC01004 and AL136084.3 were risk factors
(Figure 3C). The risk score was calculated as follows: risk
score�(-0.251 × AL031775.1 expression)+(-0.204
× AL162586.1 expression)+(-0.250 × AC034236.2
expression)+(0.234×LINC01004 expression)+(-0.394×OCIAD1-
AS1 expression)+(0.138 × AL136084.3 expression)+(-0.116 ×
AP003352.1 expression)+(-0.703 × Z84484.1 expression)+(-
0.101 × AC022150.2 expression).

Correlation Between the Predictive
Signature and the Prognosis of BC Patients
The risk score of each patient was calculated according to the
formula, and the patients were divided into high-risk and low-risk
groups according to the median value of the risk score. To

FIGURE 3 | The expression levels and lncRNA-mRNA network of nine ferroptosis-related lncRNAs in the predictive signature. (A) The expression levels of nine
ferroptosis-related lncRNAs in BC and normal tissues. (B) The co-expression network of prognostic ferroptosis-related lncRNAs. (C) Sankey diagram of prognostic
ferroptosis-based lncRNAs. lncRNAs, long noncoding RNAs; BC, bladder cancer; N, normal; T, tumor.
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FIGURE 4 | The correlation between the predictive signature and the prognosis of BC patients. (A) Kaplan-Meier analysis of the OS rate of BC patients in the high-
and low-risk groups. (B) The distribution of the risk score among BC patients. (C) The number of dead and alive patients with different risk scores. Blue represents the
number of survivors, and red represents the number of deaths. (D) Forest plot for univariate Cox regression analysis. (E) Forest plot for multivariate Cox regression
analysis. (F) The ROC curve of the risk score and clinicopathological variables. (G) ROC curve and AUCs at 1-year, 3-years and 5-years survival for the predictive
signature. BC, bladder cancer; OS, overall survival; ROC, receiver operating characteristic; AUC, area under the curve; T, tumor; N, lymph node.
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determine the value of the risk score in predicting the prognosis of
BC patients, Kaplan-Meier analysis was used to analyze the OS
time of the high- and low-risk groups. Compared with that of the
low-risk group, the OS time of the high-risk group was
significantly shorter (Figure 4A, p � 1.188e-10). The 5-years
survival rates of the high- and low-risk groups were 24.1 and
63.9%, respectively. The risk scores of the high- and low-risk
groups are shown in Figure 4B. With the increase of risk score,
more and more patients died (Figure 4C). To determine whether
the predictive signature is an independent prognostic factor for
BC patients, Cox regression analysis was performed. Univariate
Cox regression analysis showed that age, stage, T stage, N stage
and risk score were significantly associated with the OS of BC
patients (Figure 4D). Multivariate Cox regression analysis
showed that age and risk score were independent predictors of
OS in BC patients (Figure 4E). The AUC of the risk score was
0.707, which was better than that of clinicopathological variables
in predicting the prognosis of BC patients (Figure 4F). The AUCs
of 1, 3, and 5-years survival were 0.707, 0.748 and 0.779,
respectively, which indicated good predictive performance
(Figure 4G). We analyzed the differences in
clinicopathological variables between the high- and low-risk
groups and found that N stage (p < 0.05), M stage (p < 0.05),
T stage (p < 0.01), stage (p < 0.01), grade (p < 0.05), and fustat (p <
0.001) were different between the high- and low-risk groups
(Figure 5).

To further predict the prognosis of BC patients, we
constructed a nomogram including clinicopathological

variables and the risk score, and this nomogram could predict
the 1, 3, and 5-years prognosis of BC patients (Figure 6A). The
calibration curves showed good consistency between the actual
OS rates and the predicted survival rates at 1, 3 and 5 years
(Figures 6B–D).

Relationship Between the Predictive
Signature and the Prognosis of BC Patients
in Different Clinicopathological Variables
To study the relationship between the predictive signature
and the prognosis of BC patients sorted according to different
clinicopathological variables, BC patients were separated into
groups according to age, sex, stage, T stage and N stage. For
each different classifications, the OS of patients in the high-
risk group was significantly shorter than that of patients in
the low-risk group (Figure 7). These results suggest that the
predictive signature can predict the prognosis of BC patients
without considering clinicopathological variables.

Internal Validation of the Predictive
Signature
To verify the applicability of the predictive signature for OS
based on the entire TCGA dataset, we randomly divided the
406 BC patients into two cohorts (n � 203). The demographic
characteristics of patients in the two cohorts are shown in
Table 1. Consistent with the results observed in the entire

FIGURE 5 | Distribution heat map of nine prognostic ferroptosis-related lncRNAs and clinicopathological variables in the high- and low-risk groups. lncRNAs, long
noncoding RNAs; N, lymph node; M, metastasis; T, tumor.
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dataset, the OS rate of patients in the high-risk group was
lower than that of the low-risk group in the first internal
cohort (Figure 8A, p � 9.502e-06). In the second internal
cohort, the prognosis of the high-risk group was worse than
that of the low-risk group (Figure 8B, p � 4.443e-06). The
ROC curves of two cohorts showed good predictive
performance. In the first internal cohort, the AUCs of 1, 3,
and 5-years survival were 0.739, 0.752, and 0.742, respectively
(Figure 8C). In the second internal cohort, the AUCs of 1, 3,
and 5-years survival were 0.678, 0.743, and 0.831, respectively
(Figure 8D).

Gene Enrichment Analysis
Because of the different prognoses of patients in the high- and
low-risk groups, we conducted GSEA to study the possible
differences between the high- and low-risk groups. We found
that BC, MAPK signaling pathway, chemokine signaling
pathway, T/B cell receptor signaling pathway and Fc

gamma R mediated phagocytosis were significantly
enriched in the high-risk group (Supplementary Figures
S1A–F, Table 2), indicating that high-risk patients are
closely related to tumor- and immune-related pathways.

Immune Cell Infiltration and
Immune-Related Pathways
To further explore the correlation between risk scores and
immune cells and functions, we quantified the enrichment
scores of ssGSEA for different immune cell subgroups, related
functions or pathways. The results showed that activated
dendritic cells (aDCs), B cells, CD8+ T cells, DCs,
immature dendritic cells (iDCs), macrophages, mast cells,
neutrophils, plasmacytoid dendritic cells (pDCs), T helper
cells, T follicular helper (Tfh) cells, T helper type 1 (Th1)
cells, tumor-infiltrating lymphocyte (TIL) and T regulatory
cells (Tregs) were significantly different in the high- and low-

FIGURE 6 |Construction and verification of the nomogram. (A) A nomogram combining clinicopathological variables and risk score predicts 1, 3, and 5 years OS of
BC patients. (B-D) The calibration curves test consistency between the actual OS rates and the predicted survival rates at 1, 3 and 5 years. N, lymph node; OS, overall
survival; BC, bladder cancer.
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risk groups (Figure 9A). The immune function scores of
antigen-presenting cell (APC) coinhibition, APC
costimulation, chemokine receptor (CCR), checkpoint,

cytolytic activity, human leukocyte antigen (HLA),
inflammation promoting, parainflammation, T cell
coinhibition, T cell costimulation and type Ⅰ IFN response

FIGURE 7 | Kaplan-Meier survival curves of high- and low-risk groups among patients sorted according to different clinicopathological variables. (A-B) Age. (C-D)
Sex. (E-F) Stage. (G-H) T stage. (I-J) N stage. T, tumor; N, lymph node.
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were higher in the high-risk group than in the low-risk group
(Figure 9B). These findings suggest that immunological
function is more active in the high-risk group.

Correlation Between the Predictive
Signature and BC Therapy
Compared with that in the low-risk group, PD−L1 expression
in the high-risk group was significantly higher, suggesting
that high-risk patients have a potential response to anti-PD-
1/L1 immunotherapy (Figure 10A). In addition to
immunotherapy, we also analyzed the association between
the predictive signature and the efficacy of general
chemotherapy for BC. The results found that the IC50 of
sunitinib, paclitaxel, cisplatin, and docetaxel was lower in the
high-risk group, and the IC50 of methotrexate in the high-
risk group was higher (Figures 10B–F), which is helpful for
exploring individualized treatment schemes suitable for high-
and low-risk group patients.

Construction of the Ferroptosis-Related
lncRNA Predictive Signature for DFS
Considering the role of DFS in the prognosis of BC patients,
we also constructed a ferroptosis-related lncRNA predictive
signature for DFS. We collected the DFS data of BC patients

from the cBioPortal database, including 319 patients. After
univariate Cox regression analysis, we found that
16 ferroptosis-related lncRNAs were significantly
associated with DFS in BC patients. After multivariate Cox
regression analysis, three ferroptosis-related lncRNAs were
obtained to construct the predictive signature. Risk score
�(-0.096 × AC104825.1)+(-0.129 × AL355472.1)+(-0.146 ×
AC011468.1). The risk score of each patient was calculated
according to the formula, and the patients in the entire
dataset were divided into a high-risk group and a low-risk
group according to the median value. Kaplan-Meier survival
curve analysis showed that the DFS of the high-risk group was
significantly shorter than that of the low-risk group
(Figure 11A, p � 1.394e-08). The AUCs of 1, 3, and 5-
years survival were 0.708, 0.673, and 0.679, respectively
(Figure 11D).

To verify the applicability of the predictive signature for
DFS, 319 patients were randomly divided into the first internal
cohort (n � 160) and the second internal cohort (n � 159).
Patients were divided into high- and low-risk groups based on
the median value, and the results observed from the entire
dataset were consistent. Compared with the low-risk group,
the DFS of patients in the high-risk group was shorter in the
first internal cohort (Figure 11B, p � 2.334e-05) and the
second internal cohort (Figure 11C, p � 2.314e-04). In the
first internal cohort, the AUCs of 1, 3, and 5-years survival

TABLE 1 | The clinical characteristics of patients in different cohorts.

Variables Entire
TCGA dataset (n = 406)

Validation cohort

First cohort (n = 203) second cohort (n = 203)

Age (%)
≤65 161 (39.7) 78 (38.4) 83 (40.9)
>65 245 (60.3) 125 (61.6) 120 (59.1)

Gender (%)
Female 108 (26.5) 54 (26.6) 54 (26.6)
Male 298 (73.4) 149 (73.4) 149 (73.4)

Grade (%)
Low 20 (4.9) 8 (3.9) 12 (5.9)
High 383 (94.3) 193 (95.1) 190 (93.6)
Unknow 3 (0.8) 2 (1.0) 1 (0.5)

Stage (%)
I + II 131 (32.3) 58 (28.6) 73 (36.0)
III + IV 273 (67.2) 142 (70.4) 130 (64.0)
Unknow 2 (0.5) 2 (1.0) 0 (0.0)

T (%)
T0 1 (0.2) 1 (0.5) 0 (0.0)
T1+T2 130 (29.8) 56 (27.6) 65 (32.0)
T3+T4 251 (61.9) 134 (66.0) 117 (57.7)
TX + Unknow 33 (8.1) 12 (5.9) 21 (10.3)

M (%)
M0 195 (48.1) 100 (49.3) 95 (46.8)
M1 11 (2.7) 4 (2.0) 7 (3.4)
MX + Unknow 200 (49.2) 99 (48.7) 101 (49.8)

N (%)
N0 236 (58.1) 114 (56.2) 122 (60.1)
N1+N2 121 (29.8) 69 (33.9) 52 (25.6)
N3 7 (1.7) 3 (1.5) 4 (2.0)
NX + Unknow 42 (10.4) 17 (8.4) 25 (12.3)

T, tumor; M, metastasis; N, lymph node.
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were 0.703, 0.694, and 0.706, respectively (Figure 11E). In the
second internal cohort, the AUCs of 1, 3, and 5-years survival
were 0.71, 0.651, and 0.653, respectively (Figure 11F).

DISCUSSION

BC is one of the most common malignant tumors of the
genitourinary system, most of which originate from the
urothelium. The role of ferroptosis in cancer is complex. An
increasing number of studies have found that ferroptosis plays a
key role in the development and progression of cancer, but the
current research focuses on the role of ferroptosis in cancer
treatment (Chen et al., 2021; Ghoochani et al., 2021; Hou
et al., 2021; Li et al., 2021; Luo et al., 2021). There are few
studies on its role in cancer prognosis. Recently, studies have
predicted the prognosis of cancer patients by constructing
ferroptosis-related lncRNA predictive signatures (Gao et al.,
2021; Jiang et al., 2021; Li et al., 2021; Liu et al., 2021; Luo
et al., 2021; Yang et al., 2021; Zheng et al., 2021; Zhu et al., 2021).

FIGURE 8 | Internal validation of the predictive signature for OS based on the entire TCGA dataset. (A) Kaplan-Meier survival curve in the first internal cohort. (B)
Kaplan-Meier survival curve in the second internal cohort. (C) ROC curve and AUCs at 1-year, 3-years and 5-years survival in the first internal cohort. (D) ROC curve and
AUCs at 1-year, 3-years and 5-years survival in the second internal cohort. ROC, receiver operating characteristic; AUC, area under the curve; OS, overall survival;
TCGA, The Cancer Genome Atlas.

TABLE 2 | The high-risk group enriched gene sets.

Gene set ES NES NOM p-val FDR q-val

Bladder cancer 0.56 2.01 0.004 0.005
MAPK signaling pathway 0.50 2.13 0.000 0.002
Chemokine signaling pathway 0.57 2.15 0.000 0.002
T cell receptor signaling pathway 0.50 1.80 0.022 0.026
B cell receptor signaling pathway 0.53 1.77 0.020 0.032
Fc gamma R mediated phagocytosis 0.47 1.86 0.006 0.017

ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate;
MAPK, mitogen-activated protein kinase.
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FIGURE 9 | The scores of immune infiltrating cells and immune-related functions in high- and low-risk groups. (A) ssGSEA algorithm was used to calculate the
infiltration levels of 16 immune cells in high- and low-risk groups. (B) The correlation between the predictive signature and 13 immune-related functions. ssGSEA, single-
sample gene set enrichment analysis; aDCs, activated dendritic cells; iDCs, immature dendritic cells; NK, natural killer; pDCs, plasmacytoid dendritic cells; Tfh, T follicular
helper; Th1, T helper type 1; Th2, T helper type 2; TIL, tumor-infiltrating lymphocyte; Treg, T regulatory cell; APC, antigen-presenting cell; CCR, chemokine receptor;
HLA, human leukocyte antigen; MHC, major histocompatibility complex; IFN, interferon. *p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant.

FIGURE 10 | Comparison of treatment drugs senstivity between high- and low-risk groups. (A) PD-L1 expression in high and low risk groups. (B) IC50 of sunitinib
in high and low risk groups. (C) IC50 of paclitaxel in high and low risk groups. (D) IC50 of cisplatin in high and low risk groups. (E) IC50 of docetaxel in high and low risk
groups. (F) IC50 of methotrexate in high and low risk groups. IC50, half-maximal inhibitory concentration. PD-L1, programmed cell death ligand 1.
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However, it has not been reported to predict the prognosis of BC
patients by constructing ferroptosis-related lncRNA predictive
signature.

In this study, we first obtained 61 ferroptosis-related DEGs.
Then, KEGG analysis showed that the DEGs were mainly
enriched in the p53 signaling pathway, ferroptosis, the IL-17
signaling pathway, microRNAs in cancer, the TNF signaling
pathway, insulin resistance, the PI3K-Akt signaling pathway
and the HIF-1 signaling pathway. Studies have shown that p53
inhibits the uptake of cystine and induces ferroptosis by
inhibiting the expression of SLC7A11 (Jiang et al., 2015). Amy
et al. (Tarangelo et al., 2018) found that p53 induces ferroptosis in
cancer cells by inhibiting metabolic stress. These results indicate
that ferroptosis-related genes may regulate the progression of BC
through the p53 signaling pathway. However, further
experiments are needed to verify the role of ferroptosis-related
genes in BC.

Many studies have shown that lncRNAs play an important
role in BC (Hu et al., 2021; Shi et al., 2021; Yang et al., 2021). In
addition, many studies have also shown that lncRNAs play an
important role in ferroptosis (Mao et al., 2018; Qi et al., 2019;
Wang et al., 2019; Yang et al., 2020). LINC00618 accelerates
ferroptosis by increasing the levels of lipid reactive oxygen and

iron in leukemia and decreases the expression of SLC7A11, which
accelerates ferroptosis by inducing apoptosis (Wang et al., 2021).
Autophagy-related lncRNA signature can accurately predict the
prognosis of BC patients (Sun et al., 2020). Ferroptosis-related
lncRNAs can well predict the prognosis of colon cancer patients
(Cai et al., 2021). Therefore, it is of great significance to identify a
ferroptosis-related lncRNA predictive signature in BC patients. In
this study, we used univariate Cox regression analysis to analyze
the relationship between ferroptosis-related lncRNAs and the
prognosis of BC patients and found that 33 lncRNAs were
associated with the prognosis of BC patients. After
multivariate Cox regression analysis, we identified nine
ferroptosis-related lncRNAs (AL031775.1, AL162586.1,
AC034236.2, LINC01004, OCIAD1-AS1, AL136084.3,
AP003352.1, Z84484.1, AC022150.2) for inclusion in a
predictive signature. We also found mRNA (SETD1B, TUBE1,
KLHL24, IFNG, ZNF419, SP1, PML, ATM, SOCS1, PHKG2,
NFS1, STAT3, and ZEB1) significantly co-expressed with these
lncRNAs. Among them, PHKG2 is an important driving factor in
the lipid peroxidation process of ferroptosis (Yang et al., 2016).
Kinome screen of ferroptosis finds ATM plays an important role
in iron metabolism (Chen et al., 2020). SOCS1 is involved in cell
ferroptosis by regulating p53 expression (Saint-Germain et al.,

FIGURE 11 | Evaluation of the predictive value of the ferroptosis-related lncRNA signature for DFS. (A) Kaplan-Meier survival curve in the entire dataset. (B) Kaplan-
Meier survival curve in the first cohort. (C) Kaplan-Meier survival curve in the second cohort. (D) ROC curve and AUCs at 1-year, 3-years and 5-years survival in the entire
dataset. (E) ROC curve and AUCs at 1-year, 3-years and 5-years survival in the first cohort. (F) ROC curve and AUCs at 1-year, 3-years and 5-years survival in the
second cohort. lncRNAs, long noncoding RNAs; DFS, disease-free survival; ROC, receiver operating characteristic; AUC, area under the curve.
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2017). Inhibition of NFS1 can induce ferroptosis and slow tumor
growth in lung adenocarcinoma (Alvarez et al., 2017). STAT3 is
the target of ferroptosis in cancer cells, and impaired STAT3
signaling induces ferroptosis in diffuse large B-cell lymphoma
cells (Chen et al., 2021; Schmitt et al., 2021). Each patient’s risk
score was calculated according to the formula. The patients were
divided into high-risk and low-risk groups according to the
median value. The OS time of the high-risk group was shorter
than that of the low-risk group. The ROC curve showed that the
predictive signature had good predictive performance. The
predictive signature was more reliable than clinicopathological
variables in predicting the prognosis of BC patients. We also
found that the predictive signature can predict the prognosis of
BC patients without considering clinicopathological variables.
Internal verification confirmed that the predictive signature
has good predictive performance.

GSEA showed that BC, the MAPK signaling pathway, the
chemokine signaling pathway, the T/B cell receptor signaling
pathway, and FC gamma R-mediated phagocytosis were
mainly enriched in the high-risk group. As a tumor
promoter, RAB14 regulates the invasion and metastasis of
BC cells by activating the MAPK signaling pathway (Chao
et al., 2019). Upregulation of PKM2 may promote the
proliferation, migration and invasion of BC cells through
the MAPK signaling pathway (Hong et al., 2018). Maslinic
acid induces apoptosis of BC cells through the p38 MAPK
signaling pathway (Zhang et al., 2014). The GSEA results
showed that high-risk patients are closely related to tumor-
and immune-related pathways. The results of subsequent
ssGSEA showed that CD8+ T cells, macrophages, mast
cells, neutrophils, and Tregs had higher scores in the high-
risk group. Studies have shown that high CD8+ T cell
infiltration is associated with a poor prognosis in BC
patients (Hou et al., 2020; Liu et al., 2020). High
infiltration of tumor-associated macrophages is associated
with a poor prognosis in advanced thyroid cancer (Ryder
et al., 2008). The more resting mast cells there are, the worse
the prognosis of prostate cancer patients is (Zhang et al.,
2020). A high neutrophil-to-lymphocyte ratio predicts poor
OS for patients with BC (Ohtake et al., 2016; Tan et al., 2018).
High infiltration of Tregs is a poor prognostic indicator in
patients with hepatocellular carcinoma (Tu et al., 2016). In
addition to increased tumor immune cell infiltration, the
high-risk group was associated with decreased antitumor
immunity, with higher scores for HLA and the type Ⅰ IFN
response. Therefore, the decreased antitumor immunity in
the high-risk group may be the cause of the poor prognosis.
Our research also shows that high-risk patients are probably
sensitive to anti-PD-1/L1 immunotherapy and the
conventional chemotherapy drugs sunitinib, paclitaxel,

cisplatin, and docetaxel but are resistant to methotrexate.
This indicates that the high-risk group of patients can benefit
from the combination of immunotherapy and chemotherapy,
which provides the basis for precise and personalized
treatment for BC patients.

However, our research has some limitations. First, we only
used the TCGA database data for internal validation, and we still
need data from other databases for external validation to test the
applicability of the predictive signature. Second, the mechanism
of the ferroptosis-related lncRNAs in BC needs to be further
verified by experiments.

In conclusion, the ferroptosis-related lncRNA signature can
independently predict the prognosis of BC patients and provide
the basis for the possible mechanism of ferroptosis-related
lncRNAs in BC and the response to clinical treatment, but it
still needs further experimental verification in the future.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. The names
of the repository/repositories and accession number(s) can be
found in the article/Supplementary Material.

AUTHOR CONTRIBUTIONS

MC and SZ contributed conception and design of the study; MC,
ZN, and XW collected the data; YL, SZ, and YG performed the
statistical analysis; MC wrote the first draft of the manuscript; YL
and HC revised the manuscript; SZ gave the final approval of the
version to be submitted. All authors contributed to manuscript
and approved the submitted version.

FUNDING

The research is supported with fund from Finance science and
technology project of hainan province (ZDYF2019163 and
ZDKJ2017007), the National Science Foundation of China
(81760465 and 81460450), Hainan Provincial Natural Science
Foundation of China (2017CXTD010 and 819QN387), and the
healthy department of Hainan province (19A200184).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.699804/
full#supplementary-material

REFERENCES

AlfredWitjes, J., Lebret, T., Compérat, E. M., Cowan, N. C., De Santis, M., Bruins, H. M.,
et al. (2017). Updated 2016 EAU Guidelines on Muscle-Invasive and Metastatic
Bladder Cancer. Eur. Urol. 71 (3), 462–475. doi:10.1016/j.eururo.2016.06.020

Alvarez, S. W., Sviderskiy, V. O., Terzi, E. M., Papagiannakopoulos, T., Moreira, A.
L., Adams, S., et al. (2017). NFS1 Undergoes Positive Selection in Lung
Tumours and Protects Cells From Ferroptosis. Nature. 551 (7682), 639–643.
doi:10.1038/nature24637

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 69980414

Chen et al. Ferroptosis-Related lncRNA in BC

https://www.frontiersin.org/articles/10.3389/fcell.2021.699804/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.699804/full#supplementary-material
https://doi.org/10.1016/j.eururo.2016.06.020
https://doi.org/10.1038/nature24637
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Mortality Worldwide for 36 Cancers in 185 Countries. CA: a Cancer
J. clinicians. 68 (6), 394–424. doi:10.3322/caac.21492

Cai, H.-j., Zhuang, Z.-c., Wu, Y., Zhang, Y.-y., Liu, X., Zhuang, J.-f., et al. (2021).
Development and Validation of a Ferroptosis-Related lncRNAs Prognosis
Signature in Colon Cancer. Bosn J. Basic Med. Sci. 21, 569–576.
doi:10.17305/bjbms.2020.5617

Chao, H., Deng, L., Xu, F., Fu, B., Zhu, Z., Dong, Z., et al. (2019). RAB14 Activates
MAPK Signaling to Promote Bladder Tumorigenesis. Carcinogenesis. 40 (11),
1341–1351. doi:10.1093/carcin/bgz039

Chen, M., Zhang, R., Lu, L., Du, J., Chen, C., Ding, K., et al. (2020a). LncRNA PVT1
Accelerates Malignant Phenotypes of Bladder Cancer Cells byModulating miR-
194-5p/BCLAF1 Axis as a CeRNA. Aging. 12 (21), 22291–22312. doi:10.18632/
aging.202203

Chen, P.-H., Wu, J., Ding, C.-K. C., Lin, C.-C., Pan, S., Bossa, N., et al. (2020b).
Kinome Screen of Ferroptosis Reveals a Novel Role of ATM in Regulating Iron
Metabolism. Cell Death Differ. 27 (3), 1008–1022. doi:10.1038/s41418-019-
0393-7

Chen, Q., Ma, X., Xie, L., Chen, W., Xu, Z., Song, E., et al. (2021a). Iron-based
Nanoparticles for MR Imaging-Guided Ferroptosis in Combination with
Photodynamic Therapy to Enhance Cancer Treatment. Nanoscale 13 (9),
4855–4870. doi:10.1039/d0nr08757b

Chen, Y., Wang, F., Wu, P., Gong, S., Gao, J., Tao, H., et al. (2021b). Artesunate
Induces Apoptosis, Autophagy and Ferroptosis in Diffuse Large B Cell
Lymphoma Cells by Impairing STAT3 Signaling. Cell Signal. 88, 110167.
doi:10.1016/j.cellsig.2021.110167

Deng, S.-h., Wu, D.-m., Li, L., Liu, T., Zhang, T., Li, J., et al. (2021). MiR-324-3p
Reverses Cisplatin Resistance by Inducing GPX4-Mediated Ferroptosis in Lung
Adenocarcinoma Cell Line A549. Biochem. Biophysical Res. Commun. 549,
54–60. doi:10.1016/j.bbrc.2021.02.077

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason,
C. E., et al. (2012). Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell
Death. Cell. 149 (5), 1060–1072. doi:10.1016/j.cell.2012.03.042

Gao, X., Tang, M., Tian, S., Li, J., and Liu, W. (2021). A Ferroptosis-Related Gene
Signature Predicts Overall Survival in Patients With Lung Adenocarcinoma.
Future Oncol. 17 (12), 1533–1544. doi:10.2217/fon-2020-1113

Ghoochani, A., Hsu, E.-C., Aslan, M., Rice, M. A., Nguyen, H. M., Brooks, J. D.,
et al. (2021). Ferroptosis Inducers Are a Novel Therapeutic Approach for
Advanced Prostate Cancer. Cancer Res. 81 (6), 1583–1594. doi:10.1158/0008-
5472.CAN-20-3477

Guo, Q., Ni, P., Dai, Y., Hu, J., and Yao, Y. (2021). Long-Chain Noncoding RNA
ADAMTS9-AS2 Regulates Proliferation, Migration, and Apoptosis in Bladder
Cancer Cells Through Regulating miR-182-5p. J. Interferon Cytokine Res. 41
(2), 60–71. doi:10.1089/jir.2020.0137

Hirschhorn, T., and Stockwell, B. R. (2019). The Development of the Concept of
Ferroptosis. Free Radic. Biol. Med. 133, 130–143. doi:10.1016/
j.freeradbiomed.2018.09.043

Hong, B., Zhu, Q., Zhang, L., andWang, J. (2018). Pyruvate Kinase M2 Inhibits the
Progression of Bladder Cancer by Targeting MAKP Pathway. J. Can. Res. Ther.
14, 616–S621. doi:10.4103/0973-1482.187302

Hou, W., Xue, M., Shi, J., Yang, M., Zhong, W., Fan, X., et al. (2020). PD-1
Topographically Defines Distinct T Cell Subpopulations in Urothelial Cell
Carcinoma of the Bladder and Predicts Patient Survival. Urol. Oncol. Semin.
Original Invest. 38 (8), e1–685. doi:10.1016/j.urolonc.2020.04.009

Hou, Y., Cai, S., Yu, S., and Lin, H. (2021). Metformin Induces Ferroptosis by
Targeting miR-324-3p/GPX4 Axis in Breast Cancer. Acta Bioch. Bioph. Sin. 53
(3), 333–341. doi:10.1093/abbs/gmaa180

Hu, X., Xiang, L., He, D., Zhu, R., Fang, J., Wang, Z., et al. (2021). The Long
Noncoding RNA KTN1-AS1 Promotes Bladder Cancer Tumorigenesis via
KTN1 Cis-Activation and the Consequent Initiation of Rho GTPase-
Mediated Signaling. Clin. Sci. London, Engl. 135 (3), 555–574. doi:10.1042/
CS20200908

Jiang, L., Kon, N., Li, T., Wang, S.-J., Su, T., Hibshoosh, H., et al. (2015). Ferroptosis
as a P53-Mediated Activity During Tumour Suppression. Nature. 520 (7545),
57–62. doi:10.1038/nature14344

Jiang, X., Yan, Q., Xie, L., Xu, S., Jiang, K., Huang, J., et al. (2021). Construction and
Validation of a Ferroptosis-Related Prognostic Model for Gastric Cancer.
J. Oncol. 2021, 1–14. doi:10.1155/2021/6635526

Knowles, M. A., and Hurst, C. D. (2015). Molecular Biology of Bladder Cancer:
New Insights into Pathogenesis and Clinical Diversity. Nat. Rev. Cancer. 15 (1),
25–41. doi:10.1038/nrc3817

Li, H., Li, L., Xue, C., Huang, R., Hu, A., An, X., et al. (2021a). A Novel Ferroptosis-
Related Gene Signature Predicts Overall Survival of Breast Cancer Patients.
Biology. 10 (2), 151. doi:10.3390/biology10020151

Li, J., Li, J., Pu, Y., Li, S., Gao,W., and He, B. (2021b). PDT-enhanced Ferroptosis by
a Polymer Nanoparticle With pH-Activated Singlet Oxygen Generation and
Superb Biocompatibility for Cancer Therapy. Biomacromolecules. 22 (3),
1167–1176. doi:10.1021/acs.biomac.0c01679

Liu, Y., Guo, F., Guo, W., Wang, Y., Song, W., and Fu, T. (2021). Ferroptosis-
Related Genes Are Potential Prognostic Molecular Markers for Patients With
Colorectal Cancer. Clin. Exp. Med. 21, 467–477. doi:10.1007/s10238-021-
00697-w

Liu, Z., Zhou, Q., Wang, Z., Zhang, H., Zeng, H., Huang, Q., et al. (2020).
Intratumoral TIGIT+ CD8+ T-Cell Infiltration Determines Poor Prognosis
and Immune Evasion in Patients With Muscle-Invasive Bladder Cancer.
J. Immunother. Cancer. 8 (2), e000978. doi:10.1136/jitc-2020-000978

Luo, H., and Ma, C. (2021). A Novel Ferroptosis-Associated Gene Signature to
Predict Prognosis in Patients With Uveal Melanoma. Diagnostics. 11 (2), 219.
doi:10.3390/diagnostics11020219

Luo, Y., Niu, G., Yi, H., Li, Q., Wu, Z., Wang, J., et al. (2021). Nanomedicine
Promotes Ferroptosis to Inhibit Tumour Proliferation In Vivo. Redox Biol. 42,
101908. doi:10.1016/j.redox.2021.101908

Mao, C., Wang, X., Liu, Y., Wang, M., Yan, B., Jiang, Y., et al. (2018). A G3BP1-
Interacting lncRNA Promotes Ferroptosis and Apoptosis in Cancer via Nuclear
Sequestration of P53. Cancer Res. 78 (13), 3454–3496. doi:10.1158/0008-
5472.CAN-17-3454

Ohtake, S., Kawahara, T., Kasahara, R., Ito, H., Osaka, K., Hattori, Y., et al. (2016).
Pretreatment Neutrophil-To-Lymphocyte Ratio Can Predict the Prognosis in
Bladder Cancer Patients Who Receive Gemcitabine and Nedaplatin Therapy.
Biomed. Res. Int. 2016, 1–5. doi:10.1155/2016/9846823

Qi, W., Li, Z., Xia, L., Dai, J., Zhang, Q., Wu, C., et al. (2019). LncRNA GABPB1-
AS1 and GABPB1 Regulate Oxidative Stress During Erastin-Induced
Ferroptosis in HepG2 Hepatocellular Carcinoma Cells. Sci. Rep. 9 (1),
16185. doi:10.1038/s41598-019-52837-8

Rooney, M. S., Shukla, S. A., Wu, C. J., Getz, G., and Hacohen, N. (2015). Molecular
and Genetic Properties of Tumors Associated With Local Immune Cytolytic
Activity. Cell. 160, 48–61. doi:10.1016/j.cell.2014.12.033

Rübben, H., Lutzeyer, W., Fischer, N., Deutz, F., Lagrange, W., and Giani, G.
(1988). Natural History and Treatment of Low and High Risk Superficial
Bladder Tumors. J. Urol. 139 (2), 283–285. doi:10.1016/s0022-5347(17)
42387-1

Ryder, M., Ghossein, R. A., Ricarte-Filho, J. C. M., Knauf, J. A., and Fagin, J. A.
(2008). Increased Density of Tumor-Associated Macrophages Is Associated
With Decreased Survival in Advanced Thyroid Cancer. Endocr. Relat. Cancer.
15 (4), 1069–1074. doi:10.1677/ERC-08-0036

Saint-Germain, E., Mignacca, L., Vernier, M., Bobbala, D., Ilangumaran, S., and
Ferbeyre, G. (2017). SOCS1 Regulates Senescence and Ferroptosis by
Modulating the Expression of P53 Target Genes. Aging. 9 (10), 2137–2162.
doi:10.18632/aging.101306

Schmitt, A. M., and Chang, H. Y. (2016). Long Noncoding RNAs in Cancer
Pathways. Cancer Cell. 29 (4), 452–463. doi:10.1016/j.ccell.2016.03.010

Schmitt, A., Xu, W., Bucher, P., Grimm, M., Konantz, M., Horn, H., et al. (2021).
Dimethyl Fumarate Induces Ferroptosis and Impairs NF-Κb/stat3 Signaling in
DLBCL. Blood. 138, 871–884. doi:10.1182/blood.2020009404

Shi, H., Xie, J., Wang, K., Li, W., Yin, L., Wang, G., et al. (2021). LINC01451 Drives
Epithelial-Mesenchymal Transition and Progression in Bladder Cancer Cells
via LIN28/TGF-β/Smad Pathway. Cell Signal. 81, 109932. doi:10.1016/
j.cellsig.2021.109932

Song, X., Wang, X., Liu, Z., and Yu, Z. (2020). Role of GPX4-Mediated Ferroptosis
in the Sensitivity of Triple Negative Breast Cancer Cells to Gefitinib. Front.
Oncol. 10, 597434. doi:10.3389/fonc.2020.597434

Subramanian, A., Tamayo., P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene Set Enrichment Analysis: A Knowledge-Based
Approach for Interpreting Genome-Wide Expression Profiles. Proc. Natl.
Acad. Sci. 102 (43), 15545–15550. doi:10.1073/pnas.0506580102

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 69980415

Chen et al. Ferroptosis-Related lncRNA in BC

https://doi.org/10.3322/caac.21492
https://doi.org/10.17305/bjbms.2020.5617
https://doi.org/10.1093/carcin/bgz039
https://doi.org/10.18632/aging.202203
https://doi.org/10.18632/aging.202203
https://doi.org/10.1038/s41418-019-0393-7
https://doi.org/10.1038/s41418-019-0393-7
https://doi.org/10.1039/d0nr08757b
https://doi.org/10.1016/j.cellsig.2021.110167
https://doi.org/10.1016/j.bbrc.2021.02.077
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.2217/fon-2020-1113
https://doi.org/10.1158/0008-5472.CAN-20-3477
https://doi.org/10.1158/0008-5472.CAN-20-3477
https://doi.org/10.1089/jir.2020.0137
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.4103/0973-1482.187302
https://doi.org/10.1016/j.urolonc.2020.04.009
https://doi.org/10.1093/abbs/gmaa180
https://doi.org/10.1042/CS20200908
https://doi.org/10.1042/CS20200908
https://doi.org/10.1038/nature14344
https://doi.org/10.1155/2021/6635526
https://doi.org/10.1038/nrc3817
https://doi.org/10.3390/biology10020151
https://doi.org/10.1021/acs.biomac.0c01679
https://doi.org/10.1007/s10238-021-00697-w
https://doi.org/10.1007/s10238-021-00697-w
https://doi.org/10.1136/jitc-2020-000978
https://doi.org/10.3390/diagnostics11020219
https://doi.org/10.1016/j.redox.2021.101908
https://doi.org/10.1158/0008-5472.CAN-17-3454
https://doi.org/10.1158/0008-5472.CAN-17-3454
https://doi.org/10.1155/2016/9846823
https://doi.org/10.1038/s41598-019-52837-8
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1016/s0022-5347(17)42387-1
https://doi.org/10.1016/s0022-5347(17)42387-1
https://doi.org/10.1677/ERC-08-0036
https://doi.org/10.18632/aging.101306
https://doi.org/10.1016/j.ccell.2016.03.010
https://doi.org/10.1182/blood.2020009404
https://doi.org/10.1016/j.cellsig.2021.109932
https://doi.org/10.1016/j.cellsig.2021.109932
https://doi.org/10.3389/fonc.2020.597434
https://doi.org/10.1073/pnas.0506580102
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Sun, Z., Jing, C., Xiao, C., and Li, T. (2020). An Autophagy-Related Long Non-
Coding RNA Prognostic Signature Accurately Predicts Survival Outcomes in
Bladder Urothelial Carcinoma Patients. Aging. 12 (15), 15624–15637.
doi:10.18632/aging.103718

Tan, Y. G., Eu, E. W. C., Huang, H. H., and Lau, W. K. O. (2018). High Neutrophil-
To-Lymphocyte Ratio Predicts Worse Overall Survival in Patients With
Advanced/Metastatic Urothelial Bladder Cancer. Int. J. Urol. 25 (3),
232–238. doi:10.1111/iju.13480

Tarangelo, A., Magtanong, L., Bieging-Rolett, K. T., Li, Y., Ye, J., Attardi, L. D., et al.
(2018). P53 Suppresses Metabolic Stress-Induced Ferroptosis in Cancer Cells.
Cel Rep. 22 (3), 569–575. doi:10.1016/j.celrep.2017.12.077

Tian, X., Li, S., and Ge, G. (2021). Apatinib Promotes Ferroptosis in Colorectal
Cancer Cells by Targeting ELOVL6/ACSL4 Signaling. Cancer Manage. Res. 13,
1333–1342. doi:10.2147/CMAR.S274631

Tu, J.-F., Ding, Y.-H., Ying, X.-H., Wu, F.-Z., Zhou, X.-M., Zhang, D.-K., et al.
(2016). Regulatory T Cells, Especially ICOS+ FOXP3+ Regulatory T Cells, Are
Increased in the Hepatocellular Carcinoma Microenvironment and Predict
Reduced Survival. Sci. Rep. 6, 35056. doi:10.1038/srep35056

Wang, H., Peng, S., Cai, J., and Bao, S. (2021a). Silencing of PTPN18 Induced
Ferroptosis in Endometrial Cancer Cells Through P-P38-Mediated GPX4/xCT
Down-Regulation. Cancer Manage. Res. 13, 1757–1765. doi:10.2147/
CMAR.S278728

Wang, J., Yin, X., He, W., Xue, W., Zhang, J., and Huang, Y. (2021b). SUV39H1
Deficiency Suppresses clear Cell Renal Cell Carcinoma Growth by Inducing
Ferroptosis. Acta Pharmaceutica Sinica. B. 11 (2), 406–419. doi:10.1016/
j.apsb.2020.09.015

Wang, Z., Chen, X., Liu, N., Shi, Y., Liu, Y., Ouyang, L., et al. (2021c). A Nuclear
Long Non-coding RNA LINC00618 Accelerates Ferroptosis in a Manner
Dependent upon Apoptosis. Mol. Ther. 29 (1), 263–274. doi:10.1016/
j.ymthe.2020.09.024

Wang, M., Mao, C., Ouyang, L., Liu, Y., Lai, W., Liu, N., et al. (2019). Long
Noncoding RNA LINC00336 Inhibits Ferroptosis in Lung Cancer by
Functioning as a Competing Endogenous RNA. Cel Death Differ. 26 (11),
2329–2343. doi:10.1038/s41418-019-0304-y

Witjes, J. A., Bruins, H. M., Cathomas, R., Compérat, E. M., Cowan, N. C., Gakis,
G., et al. (2021). European Association of Urology Guidelines on Muscle-
Invasive and Metastatic Bladder Cancer: Summary of the 2020 Guidelines. Eur.
Urol. 79 (1), 82–104. doi:10.1016/j.eururo.2020.03.055

Wu, S., Xu, R., Zhu, X., He, H., Zhang, J., Zeng, Q., et al. (2020). The Long
Noncoding RNA LINC01140/miR-140-5p/FGF9 axis Modulates Bladder
Cancer Cell Aggressiveness and Macrophage M2 Polarization. Aging. 12
(24), 25845–25864. doi:10.18632/aging.202147

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis:
Process and Function. Cel Death Differ. 23 (3), 369–379. doi:10.1038/
cdd.2015.158

Yang, H., Qu, H., Huang, H., Mu, Z., Mao, M., Xie, Q., et al. (2021a). Exosomes-
Mediated Transfer of Long Noncoding RNA LINC01133 Represses Bladder
Cancer Progression via Regulating theWnt Signaling Pathway. Cell Biol. Int. 45,
1510–1522. doi:10.1002/cbin.11590

Yang, L., Tian, S., Chen, Y., Miao, C., Zhao, Y., Wang, R., et al. (2021b).
Ferroptosis-Related Gene Model to Predict Overall Survival of Ovarian
Carcinoma. J. Oncol. 2021, 1–14. doi:10.1155/2021/6687391

Yang, W. S., Kim, K. J., Gaschler, M. M., Patel, M., Shchepinov, M. S., and
Stockwell, B. R. (2016). Peroxidation of Polyunsaturated Fatty Acids by
Lipoxygenases Drives Ferroptosis. Proc. Natl. Acad. Sci. USA. 113 (34),
E4966–E4975. doi:10.1073/pnas.1603244113

Yang, Y., Tai, W., Lu, N., Li, T., Liu, Y., Wu, W., et al. (2020). LncRNA ZFAS1
Promotes Lung Fibroblast-To-Myofibroblast Transition and Ferroptosis via
Functioning as a ceRNA Through miR-150-5p/SLC38A1 axis. Aging. 12 (10),
9085–9102. doi:10.18632/aging.103176

Zangouei, A. S., Rahimi, H. R., Mojarrad, M., and Moghbeli, M. (2020). Non
Coding RNAs as the Critical Factors in Chemo Resistance of Bladder Tumor
Cells. Diagn. Pathol. 15 (1), 136. doi:10.1186/s13000-020-01054-3

Zhang, E., Dai, F., Mao, Y., He, W., Liu, F., Ma, W., et al. (2020). Differences of the
Immune Cell Landscape Between Normal and Tumor Tissue in Human
Prostate. Clin. Transl Oncolofficial Publication Fed. Spanish Oncol. Societies
Natl. Cancer Inst. Mexico. 22 (3), 344–350. doi:10.1007/s12094-019-02128-5

Zhang, S., Ding, D., Zhang, X., Shan, L., and Liu, Z. (2014). Maslinic Acid Induced
Apoptosis in Bladder Cancer Cells Through Activating P38 MAPK Signaling
Pathway. Mol. Cel. Biochem. 392, 281–287. doi:10.1007/s11010-014-2038-y

Zheng, Y., Ji, Q., Xie, L., Wang, C., Yu, C. N., Wang, Y. L., et al. (2021). Ferroptosis-
Related Gene Signature as a Prognostic Marker for Lower-Grade Gliomas.
J. Cel. Mol. Med. 25 (6), 3080–3090. doi:10.1111/jcmm.16368

Zhou, N., and Bao, J. (2020). FerrDb: A Manually Curated Resource for Regulators
and Markers of Ferroptosis and Ferroptosis-Disease Associations. Database :
J. Biol. databases curation. 2020, 2020. doi:10.1093/database/baaa021

Zhu, L., Yang, F., Wang, L., Dong, L., Huang, Z., Wang, G., Chen, G., and Li, Q.
(2021). Identification the Ferroptosis-Related Gene Signature in Patients With
Esophageal Adenocarcinoma. Cancer Cel Int. 21 (1), 124. doi:10.1186/s12935-
021-01821-2

Conflict of Interests: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, Nie, Li, Gao, Wen, Cao and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2021 | Volume 9 | Article 69980416

Chen et al. Ferroptosis-Related lncRNA in BC

https://doi.org/10.18632/aging.103718
https://doi.org/10.1111/iju.13480
https://doi.org/10.1016/j.celrep.2017.12.077
https://doi.org/10.2147/CMAR.S274631
https://doi.org/10.1038/srep35056
https://doi.org/10.2147/CMAR.S278728
https://doi.org/10.2147/CMAR.S278728
https://doi.org/10.1016/j.apsb.2020.09.015
https://doi.org/10.1016/j.apsb.2020.09.015
https://doi.org/10.1016/j.ymthe.2020.09.024
https://doi.org/10.1016/j.ymthe.2020.09.024
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1016/j.eururo.2020.03.055
https://doi.org/10.18632/aging.202147
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1002/cbin.11590
https://doi.org/10.1155/2021/6687391
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.18632/aging.103176
https://doi.org/10.1186/s13000-020-01054-3
https://doi.org/10.1007/s12094-019-02128-5
https://doi.org/10.1007/s11010-014-2038-y
https://doi.org/10.1111/jcmm.16368
https://doi.org/10.1093/database/baaa021
https://doi.org/10.1186/s12935-021-01821-2
https://doi.org/10.1186/s12935-021-01821-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	A New Ferroptosis-Related lncRNA Signature Predicts the Prognosis of Bladder Cancer Patients
	Introduction
	Materials and Methods
	Patients and Datasets
	Functional Enrichment Analysis of Differentially Expressed Ferroptosis-Related Genes
	Construction of the Ferroptosis-Related lncRNA Predictive Signature
	Construction of Nomogram
	Functional Enrichment Analysis of the Ferroptosis-Related lncRNA Predictive Signature
	The Role of the Predictive Signature in Predicting the Clinical Treatment Response
	Statistical Analysis

	Results
	Enrichment Analysis of Ferroptosis-Related Genes
	Construction of the Ferroptosis-Related lncRNA Predictive Signature
	Correlation Between the Predictive Signature and the Prognosis of BC Patients
	Relationship Between the Predictive Signature and the Prognosis of BC Patients in Different Clinicopathological Variables
	Internal Validation of the Predictive Signature
	Gene Enrichment Analysis
	Immune Cell Infiltration and Immune-Related Pathways
	Correlation Between the Predictive Signature and BC Therapy
	Construction of the Ferroptosis-Related lncRNA Predictive Signature for DFS

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


