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Abstract.
BACKGROUND: Bladder urothelial carcinoma is the most prevalent type of bladder cancer, characterized by drug resistance,
high recurrence rate, and unfavorable prognosis. Ferroptosis is a newly discovered type of non-apoptotic cell death, which
has been reported to be strongly correlated with tumor occurrence and development.
OBJECTIVE: In this study, we characterized ferroptosis-specific biomarkers to elucidate the association between ferroptosis-
related genes (FRGs) and bladder urothelial carcinoma.
METHODS: The TCGA and GEO database were adopted to obtain data and corresponding clinicopathological information.
Univariate and multivariate cox regression were performed to establish a ferroptosis-related model. Besides, the KM plot
visualized prognosis between high risk and low risk groups. Moreover, cBioportal platform was used to gather information
on genetic alteration and DNA methylation of hub FRGs in BLCA patients. Additionally, the GSEA software was used to
detect the difference in gene expression between high-risk and low-risk subgroups.
RESULTS: Six ferroptosis-related genes were identified to be highly correlated with overall survival. Besides, we explored
the genetic variations of these FRGs, as well as the correlation between FRG expression and copy number values. Additionally,
the DNA methylation status of these FRGs was determined. Moreover, we constructed a ferroptosis risk model with the six
FRGs to predict the prognosis of BLCA. The results demonstrated that a higher risk score indicated an unfavorable prognosis.
The ferroptosis signature was associated with clinical and molecular characteristics and could be regarded as an independent
prognostic factor for BLCA patients.
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CONCLUSIONS: In summary, we established and verified a ferroptosis risk model which had the potential to independently
predict the prognosis of bladder urothelial carcinoma.
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INTRODUCTION

Bladder cancer is one of the most common malig-
nant tumors of the genitourinary system, and ranks
sixth among cancers in the United States. It is esti-
mated that there will be 80,470 new cases of bladder
cancer in the United States in 2019. Additionally,
the projected number of deaths is expected to be
approximately 17,670 during the same period. As
reported in the existing literature, the morbidity of
bladder cancer in men is four times higher than that
in women [1]. Chinese individuals are commonly
exposed to occupational carcinogens, which are inde-
pendent risk factors for bladder cancer. According to
the latest report in China, age-standardized incidence
rates have significantly increased in men over the past
two decades [2]. The main pathological classification
of bladder cancer can be divided into the following
three categories: bladder squamous cell carcinoma,
bladder urothelial carcinoma (BLCA), and bladder
adenocarcinoma [3, 4]. The main pathological type
of bladder cancer is BLCA, which is characterized by
drug resistance, high recurrence rate, and poor prog-
nosis [5, 6]. However, traditional clinicopathological
risk assessments can no longer meet the pressing need
for effective identification of high-risk patients with
BLCA and prediction of prognosis. Therefore, it is
crucial to identify favorable biomarkers and to inves-
tigate their prognostic value in relation to BLCA.

With exhibition of no hallmarks of apoptosis or
necroptosis, ferroptosis is recognized as a newly
non-apoptotic form of cell death, with unique charac-
teristics in multiple diseases [7, 8]. Differing from the
traditional modes of regulated cell death (RCD), fer-
roptosis is characterized by excessive accumulation
of reactive oxygen species (ROS) and excessive pro-
duction of lipid peroxidation [9]. Recently, several
studies have revealed the significance of tumori-
genesis in various cancers, such as hepatocellular
carcinoma, pancreatic carcinoma, prostate cancer,
and breast cancer [10–13]. There is growing evidence
which highlights the association between ferropto-
sis and multiple oncogenic pathways. For instance,
P53 enhances tumor cell ferroptosis but also allevi-
ates tumor metastases to the lungs and liver [14, 15].

There is a lack of research on the relationship between
ferroptosis and BLCA, with only a few cases reported
in the literature. Here, we performed a bioinformat-
ics analysis to determine whether ferroptosis-related
genes had the potential to predict the prognosis of
BLCA.

MATERIALS AND METHODS

Data acquisition

RNA sequencing data from 411 BLCA tissues
were extracted from the Cancer Genome Atlas
(TCGA) and corresponding clinicopathological data
were obtained as a training set. The RNA sequenc-
ing transcriptome data were estimated as log2(X + 1)
transformed FPKM normalized counts. Similarly, the
microarray data from 165 primary urothelial tissue
samples were extracted from the GSE13507 dataset
published in the Gene Expressed Omnibus (GEO)
and used as a validation set. Data on 60 ferroptosis-
related genes were retained mainly from the findings
of previous literature [7, 16–19]. The clinical infor-
mation of both TCGA and GEO cohort was presented
in Table 1.

Visualization of interaction among FRGs

The protein-protein interaction network (PPI) was
constructed using the STRING database (https://
string-db.org) and the functional network was deter-
mined with a medium confidence score greater than
0.4, along with other default parameters.

Establishment of a ferroptosis related-gene risk
model

Samples without complete clinical data were
removed, and Univariate Cox analysis was performed
on the remaining samples to identify potential prog-
nostic factors for patients with BLCA. We screened
for ferroptosis-related genes associated with prog-
nosis based on P < 0.05. LASSO regression was
then performed to eliminate FRGs that might over-
fit our ferroptosis risk model. The LASSO algorithm

https://string-db.org
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Table 1
The clinical characteristics of bladder patients in training and test

cohort

Variables Train (n = 411) Test (n = 165)

Age
Mean 68.10 65.18
Median [min, max] 69 [34, 90] 66 [24, 88]

Gender
Male 304 (73.97%) 135 (81.82%)
Female 107 (26.03%) 30 (18.18%)

Overall survival time (days)
Mean 831.43 1451.44
Median [min, max] 534 [13, 5050] 1097 [30, 4109]

Survival state
Alive 231 (56.20%) 96 (58.18%)
Dead 180 (43.80%) 69 (41.82%)

Histological grade
High grade 387 (94.16%) 60 (36.36%)
Low grade 21 (5.11%) 105 (63.64%)
Unknown 3 (0.73%) 0 (0)

T-stage
T1 3 (0.73%) 80 (48.48%)
T2 120 (29.20%) 31 (18.79%)
T3 196 (47.69%) 19 (11.52%)
T4 59 (14.36%) 11 (6.67%)
Unknown 33 (8.03%) 24 (14.55%)

N-stage
N0 239 (58.15%) 149 (90.30%)
N1 47 (11.44%) 8 (4.85%)
N2 76 (18.49%) 6 (3.64%)
N3 8 (1.95%) 1 (0.61%)
Unknown 41 (9.98%) 1 (0.61%)

M-stage
M1 11 (2.68%) 7 (4.24%)
M0 196 (47.69%) 158 (95.76%)
Unknown 204 (49.64%) 0 (0)

Pathological stage
Stage I 2 (0.49%) NA
Stage II 131 (31.87%) NA
Stage III 141 (34.31%) NA
Stage IV 136 (33.09%) NA
Unknown 1 (0.24%) NA

Histological type
NMIBC 0 (0) 103 (62.42%)
MBIC 409 (99.51%) 62 (37.58%)
Unknown 2 (0.49%) 0 (0)

Angiolymphatic Invasion
Yes 154 (37.47%) NA
No 131 (31.87%) NA
Unknown 126 (30.66%) NA

Tumor Other Histologic
Subtype
Non-Papillary 274 (66.67%) NA
Papillary 133 (32.36%) NA
Unknown 4 (0.97%) NA

Adjuvantpostoperative
radiotherapy
Yes 10 (2.43%) NA
No 268 (65.21%) NA
Unknown 133 (32.36%) NA

Therapy
TURBT 309 (75.18%) NA
Radical resection 36 (8.76%) NA
Partial resection 1 (0.24%) NA
Unknown 65 (15.82%) NA

was used for variable selection and shrinkage with
the ‘glmnet’ R package. Additionally, we adopted
a multivariate Cox analysis to determine favorable
prognostic FRGs according to the linear combina-
tion of the Cox coefficient and gene expression. The
following calculation formula was used for the anal-
ysis: Risk score =

∑N
i=1 (Exp × Coef). N, Coef, and

Exp represent gene number, coefficient value, and
level of gene expression, respectively. All bladder
cancer patients were divided into high-risk and low-
risk groups by using the median as the boundary
value. We generated a receiver operating character-
istic (ROC) curve to verify the accuracy of the risk
model for OS prediction using the ‘survivalROC’ R
package. ‘Survival’ and ‘SurvMiner’ packages were
used to analyze the overall survival status of BLCA
patients, and Kaplan-Meier (KM) analysis was per-
formed to compare the differences between high-risk
and low-risk ferroptosis groups.

Characterization of genetic alteration and DNA
methylation among key FRGs

The cBioPortal platform (http://www.cbioportal.
org/) was adopted to gather information on genetic
alteration and DNA methylation of hub FRGs in
BLCA patients. Based on the cBioPortal platform,
the OncoPrinter module was used to analyze the fre-
quency of gene alteration. Thereafter, the Plot module
was used to calculate and visualize the correlation
between relative linear copy number values (CNV),
DNA methylation, and mRNA expression.

Gene set enrichment analysis (GSEA) for high
ferroptosis risk subgroup

GSEA was performed to detect whether there was
a significant difference in gene expression between
high-risk and low-risk subgroups in the enrichment of
‘MSigDB’ collection [h.all.v7.2.symbols.gmt (hall-
marks)]. Gene set permutations were performed
1,000 times for this analysis. The phenotype label
was represented by a high-risk or low-risk score.

Prediction of chemotherapy response between
high and low risk groups

The chemotherapy response for cisplatin, Gem-
citabine, docetaxel and sunitinib of each bladder
cancer patient in the TCGA cohort was calculated
based on the Genomics of Drug sensitivity in Can-
cer (GDSC, https://www.cancerrxgene.org) by using
“pRRophetic” Rpackage.

http://www.cbioportal.org/
https://www.cancerrxgene.org
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Statistics

The R language platform was used to analysis
these data (v.4.0.3, https://cran.r-project.org/). The
wilcoxon rank-sum test was performed to distinguish
the difference of mRNA levels of FRGs between
different risk groups. The univariate cox and lasso
regression were used to screen hub FRGs and the
multivariate cox regression was used to establish our
model. The KM curve was generated using R package
‘survival’ and assessed by the log-rank test. The cor-
responding coefficients of hub FRGs weighted and
obtained from multivariate cox regression were used
to calculate the risk score of each BLCA patient.

RESULTS

Identification of ferroptosis signature for
prediction of BLCA prognosis

In this study, 60 ferroptosis-related hub genes were
adopted based mainly on the previous study of Liang
JY, et al. [19]. We performed a protein–protein inter-
action network analysis using the STRING database
to better understand the interaction between the 60
ferroptosis-related genes (Fig. 1A). Generally, pro-
teins that are more instrumental exhibit a considerable
number of adjacent nodes. Thus, we used a ‘barplot’
R package to identify the number of adjacent nodes
in each protein, and TP53 presented the maximum
(Fig. 1B).

To establish a ferroptosis risk signature for predic-
tion of prognoses in patients with BLCA, univariate
and multivariate regression analyses were performed
using the 60 FRGs in TCGA training cohort. Accord-
ing to univariate COX analysis (Fig. 1C), 12 ferro-
ptosis-related genes were significantly correlated
with overall survival (OS). We performed LASSO
regression to eliminate FRGs that might overfit our
model (Fig. 1D, E). Finally, nine genes were left
to be subordinated into the multivariate Cox model.
As visualized by multivariate COX analysis, six
ferroptosis-related genes were selected to construct
the predictive model (Fig. 1F). The risk-score formula
was generated as follows:

Risk score =
(0.14 × FADS2) + (0.18 × GCLM) +
(−0.11 × ALOX5) + (−0.31 × ACSL4) +
(0.33 × ACACA) + (0.19 × CRYAB)

All six FRGs were found to be not significantly
correlated with each other in both TCGA and GEO

cohorts (Fig. 1G, H), indicting our risk model based
on these six FRGs avoided the overfitting caused by
collinearity.

Identification of genetic alteration status and
methylation among six FRGs

Genetic alteration status was explored using the
cBioportal platform. The results demonstrated that
CRYAB, ACLS4, GCLM, FADS2, ALOX5, and
ACACA exhibited 1.0%, 1.5%, 1.5%, 1.5%, 3.0%,
and 9.0% genetic alteration, respectively (Fig. 2A),
and most of the alterations pertained to variations in
the copy number. The correlation between relative
copy number values and mRNA expression levels of
ACACA reached a value of 0.42 (Fig. 2G), as deter-
mined by Pearson’s correlation analysis, while that of
other genes was less than 0.30 (Fig. 2B-F). We further
investigated the association between mRNA expres-
sion and methylation status of six FRGs, although
methylation data for only four of the six FRGs was
available to perform the comparison. The results
showed that three FRGs, namely GCLM, FADS2,
and ALOX5, had robust negative correlations be-
tween gene expression level and DNA methylation
(Fig. 3A-D).

Identification of prognostic value of
ferroptosis-risk model in BLCA

In consideration of the significant biological func-
tions of ferroptosis to facilitate tumor growth and
progression, we conducted a systematic investiga-
tion of the prognostic value of the ferroptosis model.
The patients were divided into a high ferroptosis-risk
subgroup and a low ferroptosis-risk subgroup accord-
ing to the median value in both TCGA (Fig. 4A)
and GEO (Fig. 4E) databases. As the expression lev-
els of CRYAB, FADS2, ACACA, and GCLM were
enhanced with higher ferroptosis risk scores, while
the expression level of the two remaining FRGs
decreased with higher risk scores in both TCGA
(Fig. 4B) and GEO (Fig. 4F) databases, it was pro-
posed that ALOX5 and ACSL4 served as protective
factors. Our data also indicated that patients with
higher risk scores had a higher mortality risk than
those with lower scores in TCGA database (Fig. 4C).
The results were validated in the GEO database
(Fig. 4G). Additionally, we performed KM analysis to
assess the prognostic potential of the ferroptosis risk
model in patients with BLCA. As shown in Fig. 4D,
a high ferroptosis risk score was associated with poor

https://cran.r-project.org/
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Fig. 1. The relationship between 60 ferroptosis-related genes and Establishment of a ferroptosis-related gene risk model. (A) The protein-
protein interaction network of 60 ferroptosis-related genes. (B) The number of adjacent nodes that each ferroptosis-related gene possessed.
(C) Relationship between the expression of FRGs and overall survival of bladder urothelial carcinoma patients by univariate Cox analysis.
(D) The Lasso coefficient profiles of FRGs in BLCA. (E) Partial likelihood deviance was plotted against log (lambda). The vertical dotted
lines represent the lambda value with minimum error. The largest lambda value is where the deviation is within one standard error (SE) of
the minimum. (F) Establishment of a ferroptosis risk signature to predict BLCA prognosis by multivariate Cox regression. (G) Spearman
correlation analysis of six ferroptosis-related genes in the TCGA cohort. The red circles represent positive correlation,the green circles
represent negative correlation. The area of the circles represent the value of correlation. (H) Spearman correlation analysis of six ferroptosis-
related genes in the GEO cohort.
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Fig. 2. The genetic changes of six hub FRGs. (A) The genetic alterations of six hub genes. (B-G) The correlation between mRNA expression
and relative linear copy number values.
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Fig. 3. The methylation of hub FRGs.(A-D) The correlation between mRNA expression and DNA methylation of hub FRGs.

overall survival in TCGA -BLCA training set, which
was authenticated by the GEO testing set (Fig. 4H).

FRG risk model shows the capability to predict
prognosis

To estimate the predictive accuracy of the ferrop-
tosis risk model in the one-to-five year survival rate
group, a receiver operating (ROC) curve was per-
formed using the information from TCGA and GEO
cohorts. It is shown in Fig. 5A that the proportions
under the ROC curve (AUC) were 0.630, 0.671, and
0.703, at one year, three years, and five years, respec-
tively. This figure demonstrates the predictive value
of our model. In parallel, we performed another ROC
curve to assess the prognostic prediction manifesta-
tions of our ferroptosis risk signature in GEO datasets
(Fig. 5B). Fortunately, we obtained a much larger

AUC score, indicating the accuracy of our model to
predict the overall survival rate of BLCA patients.

Additionally, we performed univariate and multi-
variate Cox regression analyses to assess the indepen-
dent prognostic value of the ferroptosis risk model
in terms of overall survival. The univariate analysis
indicated that higher ferroptosis risk scores signifi-
cantly contributed to an unfavorable OS (Fig. 5C) and
was further validated in GEO cohort (Fig. 5D). Other
parameters were also embedded into this analysis,
including age, sex, TNM stage, and papillary levels.
Multivariate analysis demonstrated that high ferrop-
tosis risk scores were independently correlated with
unfavorable OS in these patients (Fig. 5E), indicating
that ferroptosis risk score is a potential independent
prognostic factor for patients with BLCA. This was
further validated by the GEO datasets with the vari-
ables of grade and invasiveness (Fig. 5F).



26 X. Shi et al. / Identification of a Novel Ferroptosis-Related Gene Signature

Fig. 4. Risk score analysis of ferroptosis-gene risk model in TCGA and GEO cohort.(A) separation of patients into high and low risk group
by the median risk score.(B)Heatmap plot of six genes between high and low risk group.(C)Survival status of patients.(D)Survival analysis
according to risk score. (E) separation of patients into high and low risk group by the median risk score.(F)Heatmap plot of six genes between
high and low risk group.(G)Survival status of patients.(H)Survival analysis according to risk score.
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Fig. 5. Prognostic value of the ferroptosis risk signature in BLCA.(A,B)ROC curves indicating the predictive efficiency of the ferroptosis
risk signature on the 1-, 3-, and 5-years survival rate;(C-F)Univariate and multivariate Cox analyses evaluating the independent prognostic
value of the ferroptosis signature in terms of OS in BLCA patients.

Ferroptosis-related gene is correlated with
clinicopathological characteristics and
molecular subclassifications

In consideration of the robust biological functions
of ferroptosis in tumor growth and development, we

conducted a comprehensive investigation to evaluate
the correction among six identified ferroptosis-rela-
ted genes and the clinicopathological characteristics
as well as the molecular subclassifications of bladder
carcinomas, including the T-stage, N-stage, WHO
grade along with PAM, TCGA, Lund and CMS
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molecular subclassifications. We classified the T-
stages into T1, T2 and T3&4, and then generated
a heatmap of gene expression levels and T-stages
in TCGA datasets (Fig. 6A). The map showed that
the expression level of ALOX5 was significantly
decreased in the T3&4 stage tumor groups compared
to the other three genes with statistical significance,
implying that ALOX5 might be a protective factor
in the low ferroptosis risk group. Similarly, Fig. 6C
visualized the heatmap of gene expression levels
and N-stages in TCGA cohort. Furthermore, we
studied the relationship between gene expression
and the WHO grade. The heatmap demonstrated that
ALOX5 expression level was significantly decreased
in high-grade BLCA (Fig. 6E). The correlations
between T-stages, N-stages, WHO grade and gene
expression levels were authenticated by quantitative
analyses (Fig. 6B, D, F). With the development
of second-generation sequencing, molecular sub-
classification of bladder cancer were established
which contributed greatly to the individual treatment
[20–22]. Hence, we explored the relationships
between Six FRGs and molecular subclassifications.
Various molecular subclassifications data for each
bladder cancer patient were obtained from the previ-
ous research [23]. Figure 6G-J showed the heatmap
of the expression of six FRGs in different molecular
subclassifications. Results demonstrated that the
expression levels CRYAB, FADS2 and GCLM were
overexpressed in basal group. In contrast, patients
with high expression of ALOX5 seems to generate
a luminal subclassification.

GSEA demonstrates ferroptosis-related signaling
pathways

GSEA was performed to compare the high-risk fer-
roptosis and low-risk ferroptosis groups, to verify
related signaling pathways activated in the high-
risk subgroup. Gene sets were differentially enriched
in the high ferroptosis groups of TCGA database,
as they were related to tumor proliferation such as
G2M checkpoint, E2F targets, and hedgehog signal-
ing (Fig. 7A). These were further validated in the
GEO database (Fig. 7B).

The relationship between ferroptosis-related
signature and molecular subclassification,
histological type and chemotherapy response

Previous work demonstrated that the expression
of six FRGs were strongly correlated with various

molecular subclassification. Hence, we investigated
the relationship between our risk signature and
various molecular subclassifications. Results demon-
strated that patients in basal group tend to possess
higher risk score indicating unfavorable progno-
sis (Fig. 8A). The relationship between our risk
signature and TCGA, Lund and CMS molecular
subclassifications were showed in Fig. 8B-D. Addi-
tionally, we also investigated the association between
angiolymphatic invasion and ferroptosis-related gene
signature. Results showed that patients with angi-
olymphatic invasion tend to own higher risk scores
(Fig. 8E). Moreover, we subsequently detected the
correlation between our risk signature and different
histological types. Figure 8F revealed that patients
with MIBC were correlated with higher risk scores,
indicating that our risk signature had the ability
to distinguish MIBC patients. Chemotherapy is the
common method for treating patients diagnosed with
bladder cancer. Therefore, the difference responses
for cisplatin, gemcitabine, docetaxel and sunitinib
between high and low risk groups were calculated
based on the GDSC database. The estimated IC50 val-
ues demonstrated that patients in high-risk group had
a better response for cisplatin, docetaxel and sunitinib
(Fig. 8G).

DISCUSSION

There is growing evidence that abnormally ex-
pressed FRGs are robustly associated with malignant
tumors. However, there is a lack of research on the
expression and potential roles of FRGs in BLCA. In
this study, a total of 60 FRGs were adopted based on
previous studies. We performed a PPI network using
STRING to determine the association between these
FRGs. Thereafter, we plotted a bar chart to demon-
strate the number of adjacent nodes for each FRG.
Subsequently, we combined the data from TCGA-
BLCA and GSE13507 sets to perform a standardized
correction for the batch effect. Univariate Cox regres-
sion, LASSO algorithm, multivariate Cox regression,
and ROC curve analyses of FRGs were performed
to elucidate a potential prognostic role. Ultimately, a
ferroptosis risk model that might predict BLCA prog-
nosis using six FRGs was generated. These findings
will facilitate the development of novel biomarkers
predicting the diagnosis and prognosis of BLCA.

It has been reported that six key FRGs, namely
FADS2, GCLM, ACACA, CRYAB, ALOX5, and
ACSL4, have been implicated in the progression and
prognosis of various cancers. Fatty acid desaturase 2
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Fig. 6. Ferroptosis-realted gene expression is correlated with clinicopathological features and molecular subclassifications of BLCA.
(A)Heatmap showing six ferroptosis gene expression profiles in different T-stage from TCGA cohort. (B) The expression level of six
FRGs in BLCA with different T-stage. (C) Heatmap showing six ferroptosis gene expression profiles in different N-stage from TCGA
cohort. (D)The expression level of six FRGs in BLCA with different N-stage. (E) Heatmap showing six ferroptosis gene expression profiles
in different WHO grade from GEO cohort. (F) The expression level of six FRGs in BLCA with different WHO grade. (G-J) Heatmap showing
six ferroptosis gene expression profiles in different molecular subclassifications in TCGA cohort. ∗P < 0.05,∗∗P < 0.01,and ∗∗∗P < 0.001



30 X. Shi et al. / Identification of a Novel Ferroptosis-Related Gene Signature

Fig. 7. GSEA enrichment between high and low ferroptosis risk groups. (A)GSEA revealing that genes in the high ferroptosis risk group
were enriched for hallmarks of malignant tumors in TCGA-BLCA cohort. (B)The results were further validated by GEO data.

(FADS2), an important head-to-head oriented gene
that is localized in a cluster on chromosome 11
[24], was overexpressed in colorectal tumor tissues
and functioned as a potential oncogene that pro-
moted cell proliferation and growth by enhancing
the metabolism of PGE2 (an oncogenic molecule
involved in colorectal cancer tumorigenesis) [25].
Additionally, FADS2 was reported to be activated
through the inhibition of ferroptosis by lymphoid-
specific helicase (LSH, a DNA methylation modifier)
[26]. This also validated our results that overex-
pression of FADS2 contributed to the risk level.
Glutamate-cysteine ligase modifier (GCLM) is a sig-
nificant subunit of glutamate-cysteine ligase (GCL),
which is the rate-limiting enzyme in glutathione
(GSH) synthesis [27]. Increasing the expression
of GCLM can enhance GCL activity, and overex-
pression of both GCL subunits GCLM and GCLC
leads to increased resistance to TNF-induced apop-
tosis [28]. GCLM also has the potential to be
an effective pharmacologic target for amelioration
of CDDP-resistance in non-small cell lung cancer
[29]. However, the relationship between GCLM and
BLCA remains unknown. Acetyl-CoA carboxylase

alpha (ACACA) is a hub rate-limiting enzyme in
long-chain fatty acid synthesis and has been found
to be upregulated in multiple types of human can-
cers [30]. Silencing of ACACA in human breast and
prostate cancer cells results in oxidative stress and
apoptosis [31]. Alpha-B crystallin (CRYAB), which
is a critical member of the small molecule heat shock
protein family [32], has been shown to be overex-
pressed in various human tumors, particularly gastric
cancer, and significantly correlated with unfavorable
OS [33]. 5-lipoxygenases (ALOX5), which are fre-
quently expressed in bladder cancer cells, may play
a regulatory role in the proliferation and survival
of cancer cells, and demonstrate the potential to be
therapeutic targets for the disease [34, 35]. ACSL4,
a key member of the acyl-CoA synthetase long-
chain family, is required for ferroptotic cell death
in cancer. The expression of ACSL4 was signifi-
cantly downregulated in ferroptosis-resistant cells.
Additionally, ACSL4 also promotes prostate cancer
growth, invasion, and hormonal resistance. Few stud-
ies have reported association between these six FRGs
and BLCA. In our study, the copy number variation
status of ACACA was detected significant correlated
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Fig. 8. Association between ferroptosis-related signature and molecular subclassifications and chemotherapy response. (A-D) the association
between ferroptosis-related signature and PAM, TCGA, Lund and CMS subclassification. (E) the association between angiolymphatic
invasion and ferroptosis-related signature. (F) the relationship between ferroptosis-related signature and histological type (NMIBC and
MIBC). (G) Various drug response between high and low risk groups.

with mRNA expression level(R = 0.42). Intriguingly,
the mRNA levels of GCLM, FADS2, and ALOX5
were negatively correlated with DNA methylation
(R = –0.48, R = –0.58, R = –0.40, respectively), which

indicated that ACACA could function as a gene that
might drive alterations in copy number and the other
three genes could function as genes that could drive
methylation.
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Based on the mRNA expression level of these six
FEGs, a ferroptosis risk model was established to
predict the prognosis of BLCA in TCGA training-
cohort. The KM plot demonstrated that the high-risk
subgroup was significantly associated with unfa-
vorable OS. Additionally, the ROC curve analysis
indicated that these six FRGs exhibited an impact-
ful prognostic value to distinguish BLCA patients
with unfavorable OS. Subsequently, the GSE13507
dataset was adopted to estimate the prognostic value
of the signature of these six FRGs. Remarkably, the
GSE13507 dataset outcomes surpassed the outcomes
of TCGA training-cohort. Furthermore, the relation-
ship between clinicopathological features, molecular
subclassification and the expression of FRGs was also
analyzed. Results showed that T-stage and N-stage
was significantly related to the expression of FADS2,
CRYAB and GCLM, and that the WHO grade was
significantly associated with all six FRGs. Besides,
the expression of all six FRGs were significantly
correlated with Lund and CMS molecular subclas-
sification.

BLCA patients were categorized into two sub-
groups based on the risk score of our model, to
investigate the molecular mechanism of the six FRGs
that might facilitate bladder carcinogenesis. We per-
formed GSEA analysis based on the hallmarks gene
set database. Ultimately, the results showed that the
high ferroptosis risk subgroup was strongly related
to the hedgehog signaling pathway. Clinical and
fundamental researches have shown that hedgehog
signaling pathways regulate the growth and tumori-
genicity of BLCA [36–38].

Moreover, the patients in basal group were
also correlated with higher risk score, indicat-
ing that the ferroptosis-related signature combine
with molecular subclassification could predict the
prognosis of patients and guide the individualized
treatment. Besides, the response for cisplatin, gemc-
itabine, docetaxel and sunitinib were analyzed based
on the GDSC database. And the results demon-
strated that high risk group showed low estimated
IC50, suggesting that FRGs might regulated drug
response.

There are several limitations in our study which
worth mentioning. Firstly, our ferroptosis-related risk
model was constructed only based on the data from
TCGA and GEO database, which need to be further
validated in the clinical patient cohort and prospective
study. Besides, in vivo and in vitro experiments should
be carried out to further verify our analyses and figure
out the molecular mechanisms.

Collectively, in this study, we demonstrated the
correlation between hub FRGs expression and clini-
copathological characteristics. Besides, we generated
and verified a ferroptosis risk model using six FRGs.
The risk score in our model has the potential to be an
independent prognostic factor for BLCA.
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