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Abstract. Bladder cancer (BC), as a genitourinary system 
tumor, is a highly prevalent tumor type. Ferroptosis is an 
iron‑dependent oxidative cell death mechanism that is 
becoming increasingly recognized as a promising avenue for 
cancer therapy. However, further determination of the prospec‑
tive prognostic value of ferroptosis for BC and investigation of 
the underlying mechanisms is required. The mRNA expres‑
sion profiles and associated clinical data were downloaded 
from public databases such as The Cancer Genome Atlas, 
Gene Expression Omnibus and the IMvigor210 database. To 
construct a predictive formula, the least absolute shrinkage 
and selection operator Cox regression algorithm was used. In 
addition, a prognostic multigene signature was constructed 
using previously selected ferroptosis‑related genes (FRGs). 
A total of 28 FRGs were differentially expressed between 
tumor and normal samples with |log2 fold change| >1 and 
adjusted P<0.05. A prognostic model was then established 
and it was validated in the GEO cohort using six genes: 
Glutamate‑cysteine ligase modifier subunit, crystallin α‑B, 
transferrin receptor, zinc finger E‑box binding homeobox 1, 
squalene epoxidase and glucose‑6‑phosphate dehydrogenase 
(G6PD). Numerous important pathways involved in the devel‑
opment of the immune system and cancer were indicated to be 
significantly different between the two risk groups. In addition, 

it was discovered that G6PD expression subgroups that were 
associated with immunotherapy response in patients with BC 
had similar prognostic features to risk score subgroups. In 
the present study, a gene signature with a prognostic value for 
ferroptosis in BC was successfully developed and the potential 
value of G6PD was identified for future research.

Introduction

BC is one of the most prevalent malignant tumor types. It affects 
~550,000 females each year (1,2). Approximately 90% of BC 
cases originate from urothelial cells (1,3). Smoking has long 
been recognized as the most significant risk factor for BC (4). 
BC is classified into two subtypes based on the depth of inva‑
sion: Non‑muscle‑invasive BC (NMIBC) and muscle‑invasive 
BC (MIBC). This classification helps guide treatment deci‑
sions (1). Currently, NMIBC is frequently treated by adjuvant 
intravesical chemotherapy, bacillus Calmette‑Guérin (BCG) 
instillations (3) and cystectomy in cases of BCG‑unresponsive 
tumors or high risk of progression and recurrence  (5). 
Furthermore, patients with MIBC are routinely treated 
with radical cystectomy and neoadjuvant/adjuvant chemo‑
therapy (6). BC is associated with a high risk of morbidity 
and mortality worldwide if it is not treated properly (7). In 
a population‑based study of 321 patients with BC in Iran's 
Kurdistan Province (2013‑2018), the 5‑year survival rate 
was 54% (8). In Europe, the 5‑year age‑standardized relative 
survival rate was ~70%, varying amongst specific countries 
by an average of 60‑80% (2). Given the disease limitations in 
terms of treatment options and drug resistance, it is critical to 
investigate more effective therapeutic targets.

Ferroptosis is a type of cell death with distinct properties 
and functions associated with physical conditions or numerous 
diseases, including cancers (9). Compared with normal cells, 
cancer cells require more iron to support their increased rate 
of proliferation. This iron dependency makes cancer cells 
more vulnerable to iron‑catalyzed necrosis (10). Du et al (11) 
identified that calumenin may affect the prognosis of BC 
through ferroptosis based on the analysis of a The Cancer 
Genome Atlas (TCGA) dataset of 408 patients with BC using 
multi‑omics bioinformatics. According to Chen et al  (12), 
compound 7j, a quinazolinyl‑arylurea derivative, triggered 
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ferroptosis in BC cells when used at high concentrations and 
over an extended incubation time by effectively regulating the 
SystemXc‑/glutathione peroxidase 4 (GPX4)/reactive oxygen 
species (ROS) and PI3K/Akt/mTOR/ unc‑51 like autophagy 
activating kinase  1 pathways. Guo  et  al  (13) developed a 
triple therapy for inducing ferroptosis in BC cells, which may 
possess significant potential for clinical translation. As accu‑
mulating evidence indicates, triggering ferroptosis for cancer 
therapy may be a viable option, particularly for the eradication 
of aggressive malignancies that are resistant to traditional 
therapies (14). Previous research has established a critical role 
of ferroptosis in BC and four prognostic targets have been 
identified (15). However, additional research is necessary.

In the present study, mRNA expression profiles and corre‑
sponding clinical data of patients with BC were downloaded 
from public databases. A multigene signature associated with 
prognosis was constructed using genes that were related to 
ferroptosis and differentially expressed in the TCGA cohort. 
In addition, the results were validated in cohorts from the Gene 
Expression Omnibus (GEO) database. Next, the underlying 
mechanisms were explored using functional enrichment and 
phenotypic analysis. Finally, an analysis of glucose‑6‑phos‑
phate dehydrogenase (G6PD), a ferroptosis‑related gene (FRG) 
was performed, which deserves additional research in BC.

Materials and methods

Data collection and sources. The mRNA expression data 
and clinical follow‑up data of patients with BC were retrieved 
from the TCGA database up to March 2021 (TCGA‑BLCA; 
https://portal.gdc.cancer.gov/)  (16). The validation cohort 
comprised 165  tumor samples obtained from the GEO 
database (GEO; https://www.ncbi.nlm.nih.gov/geo/) (dataset 
no. GSE13507) (17). In addition, the immunotherapy dataset 
was downloaded from IMvigor210 (http://research‑pub.gene.
com/IMvigor210CoreBiologies), a publicly available data 
package. The ‘limma’ R package was used to normalize the 
gene expression profiles. As all data were acquired following 
the relevant guidelines and policies for data access of the 
TCGA and GEO, no local ethical approval was required 
for this study. The datasets GSE76211 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76211) and 
GSE130598 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE130598) were used to evaluate the mRNA level 
of G6PD in BC and adjacent normal tissue (18,19).

FRGs were identified from previous studies (10,20‑22). All 
of the FRGs are listed in Table SI. The immunohistochem‑
istry (IHC) staining of normal and BC samples was obtained 
from the human protein atlas (HPA; https://www.proteinatlas.
org/), an open‑access database containing multiple protein 
expression images.

Construction and external validation of the 6‑gene signature. 
Using the ‘limma’ package in the R software, differential gene 
expression between BC and normal tissues was analyzed using 
P<0.05 and false discovery rate (FDR)<0.05 as the screening 
criteria. Cox‑proportional hazard regression was used to 
perform univariate survival analysis to identify prognostic 
FRGs. The protein‑protein interaction network of differentially 
expressed genes (DEGs) was analyzed using the Search Tool 

for the Retrieval of Interacting Genes and proteins (STRING) 
database (http://string‑db.org/) (23). The R package ‘glmnet’ 
was used to develop a gene‑related prognostic model for the 
least absolute shrinkage and selection operator (LASSO) Cox 
regression analysis (24,25). The normalized expression matrix 
of the prognostic DEGs served as independent variables, while 
the overall survival (OS) and survival status (alive or dead) 
of patients served as response variables in the regression. The 
optimal value of the penalty parameter (λ) was determined 
according to the minimum 10‑fold cross‑validations and 
used to select significant features for the model. The risk 
score for each patient consisted of the normalized expression 
values of each gene and the corresponding regression coef‑
ficients. It was calculated using the following formula: risk 
score=esum (each gene's normalized expression x each gene's corresponding coefficient). To 
analyze the distribution of different groups, principal compo‑
nent analysis (PCA) was performed using the R  package 
‘prcomp’ and t‑distributed stochastic neighbor embedding 
(t‑SNE) was performed using the ‘Rtsne’ R package. For the 
evaluation of the impact of various factors on OS, Kaplan‑Meier 
curves were drawn and differences were assessed using 
the log‑rank test. The optimal cut‑off value for the survival 
analysis was determined using the R package ‘survminer’. The 
R package ‘survivalROC’ was used to depict time‑dependent 
receiver operating characteristic (ROC) curves.

Functional and gene set enrichment analysis (GSEA). Gene 
Ontology (GO) functional and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment was performed 
using the ‘clusterProfiler’ R package. Gene set variant analysis 
(GSVA) was performed using the ‘gsva’ R package. GSEA 
was performed based on groups according to their risk score 
or G6PD expression (26). Both analyses used the Hallmark 
gene set with FDR<0.25 and nominal (NOM) P<0.05 as the 
criterion. Single sample (ss)GSEA was carried out using the 
‘gsva’ package (27).

Cell lines. A total of three BC cell lines (5637, J82 and T24) 
and human normal bladder epithelial cells (SV‑HUC‑1) 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences. Cells were cultured under conventional cell 
culture conditions of 5% CO2 at 37˚C in RPMI 1640 medium 
(MilliporeSigma) with fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted using an RNA extraction kit (cat. no. 74004; 
Qiagen GmbH) and then reverse‑transcribed into cDNA using 
the FastLane Cell cDNA Kit (cat. no. 215011; Qiagen GmbH) 
according to the manufacturer's instructions. The primers 
(G6PD forward, 5'‑CGA​GGC​CGT​CAC​CAA​GAA​C‑3' and 
reverse, 5'‑GTA​GTG​GTC​GAT​GCG​GTA​GA‑3'; GAPDH 
forward, 5'‑GGA​GCG​AGA​TCC​CTC​CAA​AAT‑3' and reverse, 
5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3') were designed 
and synthesized in Tsingke. qPCR was performed using the 
SYBR Green PCR system (cat. no. A25776; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
The PCR cycling program included a 30 sec incubation step 
at 95˚C and then 40 cycles of 5 sec at 95˚C and 30 sec at 60˚C. 
A MyCycler Thermal Cycler (cat. no.  170‑9703; Bio‑Rad 
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Laboratories, Inc.) was used for qPCR. GAPDH was used 
for normalization and the relative expression levels were 
calculated using the 2‑∆∆Cq method (28).

Statistical analysis. The Wilcoxon signed‑rank test was used 
to compare gene expression levels in BC tissues to those in 
adjacent non‑tumorous tissues. The χ2 test was used to compare 
proportions between groups. The ssGSEA scores of different 
groups were compared using the Mann‑Whitney U test. All 
reported P‑values were adjusted for multiple comparisons using 
the Benjamini‑Hochberg method. Univariate and multivariate 
were performed to determine the independent prognostic 
factors. Association analysis was performed using the R pack‑
ages ‘ggplot2’ and ‘ggpubr’ and the tests used were the 

unpaired t‑test (between two groups) and analysis of variance 
(among multiple groups). Tukey's post hoc test was applied to 
analyze the statistical significance between each of the cancer 
cell lines and the normal bladder cell line. All analyses were 
conducted using R software (v.3.6.3), Excel (Microsoft; 2016) 
or GSEA (v.4.0.1). All P‑values were two‑tailed and P<0.05 
was considered to indicate statistical significance, unless 
otherwise specified.

Results

Data sourcing. Fig. 1 depicts a flow chart of the present study. 
A total of 400 BC samples and 19 adjacent non‑tumor samples 
from the TCGA database, as well as 165 tumor samples from 

Figure 1. Flow chart of the present study. BC, bladder cancer; TCGA, The Cancer Genome Atlas; G6PD, glucose‑6‑phosphate dehydrogenase; LASSO, least 
absolute shrinkage and selection operator.
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the GEO database, were included in the analysis. Table  I 
summarizes the detailed clinical characteristics of the patients 
with BC. In the TCGA cohort, the average participant age 
was 68 (34‑89) years and 74.2% of the patients were male. In 
the GEO cohort, the mean age was 65 (24‑88) years and the 
proportion of male patients was 81.8%.

Identification of FRGs in the TCGA cohort. When tumor 
and normal samples were compared, differential expression 
analysis revealed 28 (46%) significant DEGs. Univariate Cox 
regression analysis showed that 15 genes were associated 
with prognosis, 7 of which were FRGs (Fig. 2A). The genes 
in the intersection included glutamate‑cysteine ligase (GCL), 
crystallin α‑B (CRYAB), transferrin receptor (TFRC), zinc 
finger E‑box binding homeobox 1 (ZEB1), squalene epoxidase 
(SQLE), G6PD and acyl‑CoA synthetase family member 2 
(ACSF2) (ACSF2 was excluded due to the deficiency of 
gene expression data in the GEO cohort). Their expression 
in normal and tumor tissue is presented in Fig. 2B and C. 
The interaction network and correlation are also presented 
in Fig. 2D and E.

Prior to conducting regression modeling, GSVA was used 
to estimate the enrichment of hallmark gene sets in the TCGA 
cohort. The results are presented in Fig. S1. The volcano plot 
and heatmap displayed the significant enrichment of DNA 
repair, glycolysis, unfolded protein response, mammalian 
target of rapamycin complex 1 (mTORC1) signaling, E2 factor 
targets and MYC targets in BC tumors.

Construction of a 6‑gene signature and validation in GEO 
cohort. To build a model for the prognosis of patients with 
BC, the 6 genes listed above were identified using LASSO Cox 
regression. A 6‑gene signature was successfully established 
using the optimal value of λ. This model was formulated 
as follows: Risk score = e[0.066 x GCL modifier (GCLM) expression level + 

0.157 x CRYAB expression level + 0.109 x TFRC expression level + 0.074 x ZEB1 expression level + 

0.135 x SQLE expression level + 0.118 x G6PD expression level].
After calculating the median cut‑off value in the TCGA 

cohort, all the patients were divided into two groups: The 
high‑risk (n=200) and low‑risk (n=200) group (Fig. 3A). 
Table Ⅱ presents the characteristics of patients from the 
different groups. The high‑risk group was associated with 
increased age (P<0.01), a higher tumor grade (P<0.01) and 
an advanced TNM stage (P<0.01). Fig. 3B and C present 
the results of the PCA and t‑SNE analysis. The analysis 
indicated that different risk groups were distributed in 
two directions and exhibited a certain separation. As 
indicated in Fig. 3D, patients in the high‑risk group had a 
higher probability of death. Kaplan‑Meier survival analysis 
consistently demonstrated that patients in the high‑risk 
group had unfavorable OS as compared with those in the 
low‑risk group (Fig. 3E). The predictive performance of 
the model was evaluated using time‑dependent ROC curves 
and the area under the curve (AUC) reached 0.606 at 1 year, 
0.648 at 3 years and 0.669 at 5 years (Fig. 3F), which was 
significantly better than the predictive value of the TNM 
stage (Fig. S2A).

Table Ⅰ. Characteristics of patients used in this study.

Item	 TCGA cohort (n=400)	 GEO cohort (n=165)

Age, years	 68 (34‑89)	 65 (24‑88)
Sex		
  Female	 103 (25.8)	 30 (18.2)
  Male	 297 (74.2)	 135 (81.8)
Grade		
  Low	 20 (5.0)	 105 (63.6)
  High	 377 (94.3)	 60 (36.4)
  Unknown	 3 (0.7)	 0
Vascular invasion		
  Yes	 ‑	 62 (37.6)
  No	 ‑	 103 (62.4)
Stage		
  I	 2 (0.5)	 ‑
  II	 127 (31.8)	 ‑
  III	 138 (34.5)	 ‑
  IV	 131 (32.7)	 ‑
  Unknown	 2 (0.5)	 ‑
Overall survival, months	 48.4 (1.03‑136.97)	 ‑
Risk, based on the 6‑gene signature		
  Low	 200 (50.0)	 83 (50.3)
  High	 200 (50.0)	 82 (49.7)

Values are expressed as n (%) or the median (range). GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas; OS, overall survival.
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Using the same formula, the risk score of patients in the 
GEO cohort was calculated. Similar to the TCGA cohort, 
they were divided into high‑ (n=82) or low‑risk (n=83) groups 
(Fig. 4A). Consistent with the TCGA cohort data presented 
above, the high‑risk group also demonstrated a significantly 
advanced age (P<0.01) and grade (P<0.01). In addition, the 
high‑risk group had a higher risk of muscle‑invasive disease 
(Table II). PCA and t‑SNE analysis also indicated that when 
patients were divided into 2 groups, there was a certain separa‑
tion between the groups of high and low risk (Fig. 4B and C). 
Again, it appeared that patients assigned to the high‑risk group 
succumbed earlier and had a shorter OS than those in the 

low‑risk group (Fig. 4D and E). Furthermore, the AUC value 
obtained from the ROC analysis was 0.671 at 1 year, 0.655 at 
3 years and 0.621 at 5 years (Fig. 4F).

Prognostic value of the risk score and clinical characteristics. 
Univariate and multivariate Cox regression analyses were 
performed to determine the independent prognostic value 
of the model. In the univariate Cox regression analysis, age, 
stage and risk score were indicated to have a significant 
influence on OS (Fig. 5A). Furthermore, using multivariate 
Cox regression analysis, stage and risk score were identified 
to have an independent predictive value in OS (Fig. 5B). 

Figure 2. Identification of the candidate FRGs in The Cancer Genome Atlas cohort. (A) Venn diagram of DEGs. (B) Heat map of DEGs between tumor 
and adjacent non‑tumor patient tissues. (C) Forest plot demonstrating the results of a univariate Cox regression analysis between FRGs expression and 
overall survival. (D) Protein‑protein interaction network of candidate genes. (E) Correlation network of candidate genes. DEG, differentially expressed gene; 
HR, hazard ratio; G6PD, glucose‑6‑phosphate dehydrogenase; FRG, ferroptosis‑related gene.



WANG et al:  FRG SIGNATURE IN BC6

Furthermore, association analysis revealed that having a high 
risk score was associated with advanced age (>60 years), 
male sex, tumor infiltration, lymph node metastasis and 
distant metastasis in both the TCGA and GEO cohorts 
(P<0.05; Fig. 5C‑G).

Functional analyses in TCGA. To further elucidate the 
biological functions and pathways associated with differ‑
ential FEGs, GO enrichment and KEGG pathway analyses 
were performed. The findings of the GO enrichment analysis 
indicated that the differential genes were enriched in 

Figure 3. Analysis of the 6‑gene signature model in The Cancer Genome Atlas cohort for potential prognostic value. (A) Risk score distribution and median 
value. (B) PC analysis plot. (C) t‑SNE analysis. (D) Survival status distribution. (E) Kaplan‑Meier curves for patients in different risk groups. (F) The AUC of 
time‑dependent ROC curves was determined to confirm the prognostic performance of the risk score. ROC, receiver operating characteristic; AUC, area under 
the ROC curve; PC, principal component; t‑SNE, t‑distributed stochastic neighbor embedding.
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extracellular structure organization and extracellular matrix 
organization in the category Biological Process. In addi‑
tion, collagen‑containing extracellular matrix was markedly 
enriched in the category Cellular Component. In the category 
Molecular Function, glycosaminoglycan binding, extracel‑
lular matrix structural constituent and antigen‑binding were 
significantly enriched terms (adjusted P<0.05). Meanwhile, 
the KEGG pathway analysis revealed that the PI3K‑Akt 
signaling pathway was significantly enriched. In addition, 
certain pathways associated with immunity were revealed to 
be enriched (Fig. 6A‑D).

The results of the two risk groups using GSEA on the 
cancer hallmarks gene sets are presented in Fig. 6E. The path‑
ways with FDR <0.25 and NOM P<0.05 were selected and 
they are associated with ferroptosis or bladder cancer risk.

Analysis of immune‑related characteristics in patients 
with BC. ssGSEA was further used to examine the differ‑
ences in immune status between the two risk groups. In the 
TCGA cohort, B cells, dendritic cells (DCs), macrophages, 
neutrophils, follicular helper T  cells (Tfh), Th1  cells, 
tumor‑infiltrating lymphocytes (TIL) and regulatory T cells 
(Treg) scored significantly higher in the high‑risk group 
(Fig. 7A). The immune function analysis revealed that the 
high‑risk group had stronger antigen‑presenting cell (APC) 
stimulation, chemokine receptors  (CCR), immune check‑
point, parainf lammation, T‑cell inhibition and T‑cell 
stimulation (Fig.  7B). The cells and pathways in antigen 
presentation‑related processes significantly differed between 
the two risk groups. In comparison, in the GEO cohort, 

DCs, macrophages, neutrophils, Tfh, Th1 cells, TIL, CCR, 
immune checkpoint, parainflammation, T‑cell inhibition and 
T‑cell stimulation demonstrated a similar change (adjusted 
P<0.01; Fig. 7C and D).

Association between G6PD and BC‑related characteristics. 
Association analysis between gene expression and demo‑
graphic characteristics revealed that G6PD expression was 
significantly different between gender‑defined subgroups 
(P<0.05; Fig. S2B). The survival analysis of single‑gene 
expression (formula=single gene expression  x corre‑
sponding coefficient) indicated that there were significant 
differences between two risk groups when CRYAB, G6PD, 
GCLM and TFRC expression levels were used to predict 
patient prognosis (P<0.05; Fig. S2C‑H). Furthermore, the 
relationship between each FRG and patient prognosis was 
investigated. G6PD was indicated to have a significant 
association with prognosis in the univariate Cox regression 
analysis (P<0.05; Table SII).

To further identify the prognostic potential, genes 
related to ferroptosis were analyzed in the BC immu‑
notherapy cohort using IMvigor210 and a significant 
correlation between G6PD gene expression and the patients' 
immunotherapy response was discovered (Fig. S3A). The 
ssGSEA of patients divided by G6PD gene expression in 
the TCGA cohort suggested that the immune cell infiltra‑
tion score was higher and immune‑related processes were 
stronger in the high‑expression group. However, the type 
II IFN response of the high‑expression group scored much 
lower in comparison (Fig. 8A and B). The increase in G6PD 

Table II. Distribution of characteristics between different risk groups.

	 TCGA cohort	 GEO cohort
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 High risk	 Low risk	 P‑value	 High risk	 Low risk	 P‑value

Age, years			   <0.01a			   <0.01a

  <60	 29	 57		  12	 30	
  ≥60	 171	 143		  70	 53	
Sex			   0.30a			   0.97a

  Female	 56	 47		  15	 15	
  Male	 144	 153		  67	 68	
Grade			   <0.01b			   <0.01a

  High	 197	 180		  48	 12	
  Low	 1	 19		  34	 71	
  Unknown	 2	 1				  
TMN stage			   <0.01b			   ‑
  I+II	 37	 92		  ‑	 ‑	
  III+IV	 162	 107		  ‑	 ‑	
  Unknown	 1	 1		  ‑	 ‑	
Muscle invasion			   ‑			   <0.01a

  Yes	 ‑	 ‑		  47	 15	
  No	 ‑	 ‑		  35	 68	

aχ2 test; bFisher's exact test. GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas.
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expression followed a similar trend toward advanced age, 
tumor infiltration, lymph node metastasis and distant metas‑
tasis (Fig. S4A‑F). Further analysis revealed that immune 
response genes, including cytotoxic T‑lymphocyte associ‑
ated protein 4, programmed cell death 1 and programmed 
cell death 1 ligand 2 (PD‑L2), had higher expression levels 

in the high G6PD expression group than in the low G6PD 
expression group (Fig. S5).

Furthermore, the GSEA results of the G6PD expression 
subgroups in the TCGA cohort are displayed in Fig. 8C. The 
pathways enriched in the risk groups were also enriched in the 
G6PD expression groups (FDR<0.25, NOM P<0.05).

Figure 4. Validation in the Gene Expression Omnibus cohort. (A) Risk score distribution and median value. (B) PCA plot. (C) t‑SNE analysis. (D) Survival 
status distribution. (E) Kaplan‑Meier curves for patients in different risk groups. (F) The AUC of time‑dependent ROC curves was determined to confirm the 
prognostic performance of the risk score. ROC, receiver operating characteristic; AUC, area under the ROC curve; PC, principal component; t‑SNE, t‑distrib‑
uted stochastic neighbor embedding.
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Validation of G6PD expression level. RT‑qPCR was 
performed to determine the level of G6PD mRNA expres‑
sion in BC cell lines and tissue (Fig. 9A and B). The results 
of the cell line analysis revealed that BC cell lines (5637, 
J82 and T24) expressed more G6PD than the normal cell 
line SV‑HUC‑1 (Fig. 9A). Furthermore, it was indicated 
that G6PD expression was much higher in BC tissues 
than in adjacent tissues using tissue data from GSE76211, 
GSE130598 and TCGA‑BLCA (Fig.  9B‑D; GSE76211: 
Three paired BC and normal tissues; GSE76211: 24 paired 
BC and normal tissues, TCGA‑BLCA: 19 paired BC and 
normal tissues). In addition, IHC images obtained from 
the HPA database indicated that the G6PD protein level in 

BC tissue was relatively higher than that in normal bladder 
tissue (Fig. 9E).

Discussion

BC is a complex disease associated with a high rate of 
morbidity and mortality (7). In the Kurdistan province of Iran, 
a population‑based study of 321 patients with BC indicated 
a 5‑year survival rate of 54% (2013‑2018)  (8). Numerous 
studies have characterized DNA and RNA alterations in 
NMIBC, which is one of the most frequently mutated human 
cancer types in terms of mutation rates, third to lung and 
skin cancer (29). The identification of common mutations has 

Figure 5. Association between the risk score and clinical factors in the TCGA cohort. (A) The results of univariate Cox regression analysis in the TCGA cohort. 
(B) The risk score was an independent prognostic factor in the multivariate Cox regression analysis. (C‑G) The boxplots indicated a correlation between the 
risk score and (C) age, (D) sex, (E) T stage, (F) N stage and (G) M stage. TCGA, The Cancer Genome Atlas; HR, hazard ratio (risk of death).
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resulted in the development of novel therapeutic approaches, 
as well as urine and blood surveillance for both early detec‑
tion and disease monitoring following treatment (30). In recent 
years, accumulating evidence has indicated that the tumor 
microenvironment has an important role in BC progression. 
A study suggested that radiation caused immunogenic tumor 
cell death through ferroptosis and polarized microenvi‑
ronmental M2 tumor‑associated macrophages (M2‑TAMs) 
to M1‑TAMs  (31). In BC, the polarized M2 phenotype of 
tumor‑associated macrophages is related to tumor grade and 
stage (32). In the terms of BC treatment, one study suggested 
that methyl‑2‑cyano‑3,11‑dioxo‑18b‑olean‑1,12‑dien‑30‑
oate exerted its anti‑tumor activity by inducing ROS (33). 

Sequential administration of gemcitabine→tamoxifen ampli‑
fied the cytotoxicity of gemcitabine in BC cells (34). These 
studies provided new directions for BC therapy.

Ferroptosis has a unique role in anti‑cancer therapeutic 
strategies. Ferroptosis is more lethal to tumor cells that rely 
on the suppression of ferroptosis to survive than apoptosis. At 
the same time, ferroptosis is also sensitive in certain special 
cases, such as tumor cells that are drug‑resistant, aggressive 
or undergo epithelial‑mesenchymal transition (35,36). In addi‑
tion, a study conducted by Luan et al (37) identified nine drugs 
with the potential to treat BC.

In the present study, 60 FRGs that were selected from 
previous studies, 28 DEGs and 15 prognosis‑associated genes 

Figure 6. Functional enrichment analysis in The Cancer Genome Atlas cohort. (A‑C) Gene Ontology enrichment analysis included (A) BP analysis, (B) CC 
analysis and (C) MF analysis. (D) KEGG analysis results. (E) GSEA results of hallmark gene sets for the high‑risk group. BP, Biological Process; CC, Cellular 
Component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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were identified. GSVA analysis was used to investigate the 
phenotypic characteristics of TCGA samples. The enrichment 
of hallmark gene sets in tumor samples was indicated to be 
strongly associated with BC oncogenesis and progression. 
Among them, DNA repair was previously associated with the 
occurrence of prostate cancer (38), while mTORC1 was related 
to metastasis in colorectal cancer (39). Subsequently, six genes 
were selected to build the prognostic model based on their 
intersection with other gene sets. They were all associated 
with poor prognosis (hazard ratio >1, P<0.05).

GCLM is a component of the first rate‑limiting enzyme of 
glutathione synthesis. GCL, which is composed of the cata‑
lytic (C) subunit GCLC and modifier subunit GCLM, is one 
of the major determinants of glutathione (GSH) synthesis (40). 
When GSH‑dependent lipid peroxide repair systems are 
compromised, the lethal accumulation of lipid‑based ROS 
results in ferroptosis, which is induced by the inhibition of 

cysteine uptake, decreased GSH levels or inactivation of the 
lipid repair enzyme GPX4 (41). Genetic loss of GCLM impairs 
a tumor's ability to drive malignant transformation. A study 
by Zhu et al  (42) suggested that GCLM is an oncogene in 
esophageal adenocarcinoma. In addition, it is established that 
Andrographis treatment is effective in colorectal cancer and 
gastric cancer through dysregulating the expression of genes 
such as GCLM within the ferroptosis pathway (43,44). These 
findings provide evidence to support the use of GCLM as an 
adjuvant target treatment in cancers. Although GCLM has not 
been described in BC, the present findings indicate that it may 
also be a suitable target in BC.

CRYAB is a type of small heat shock protein (HSP), also 
known as HspB5. It was first discovered in the lens of the eye and 
has since been demonstrated to be ubiquitously expressed (45). 
Previous studies have concentrated on its role in apoptosis, 
where it acts as a negative regulator of Bax and caspase‑3 (46). 

Figure 7. Single‑sample gene set enrichment analysis results of different risk groups in the (A and B) The Cancer Genome Atlas cohort: (A) Scores of the 
16 immune cells and (B) 13 immune‑related functions. (C and D) Gene Expression Omnibus cohort: (C) Scores of the 16 immune cells and (D) 13 immune‑related 
functions. ns, not significant; *P<0.05; **P<0.01; ***P<0.001. DC, dendritic cells; NK, natural killer; Tfh, follicular helper T cells; Th1, type I T‑helper cells; 
TIL, tumor‑infiltrating lymphocytes; Treg, regulatory T cells; HLA, human leukocyte antigen; APC, antigen‑presenting cell; MHC, major histocompatibility 
complex; CCR, chemokine receptors; pDCs, plasmacytoid DCs; aDCs, activated DCs; iDCs, immature DCs.
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HspB1 has been identified as a negative regulator of ferrop‑
tosis‑associated cancer cell death (47). In addition, HspB5 
is associated with redox activity and inflammation. When 

CRYAB is expressed, it is possible to observe a decrease in the 
mitochondrial membrane potential and GSH. Subsequently, 
it may gradually inhibit iron uptake (48,49). It may also have 

Figure 8. Results of single‑sample GSEA and GSEA analyses for the high‑ and low‑G6PD groups in The Cancer Genome Atlas cohort. (A) Differences 
in immune cell infiltrating score. (B) Differences in infiltrating score in immune‑related pathways. (C) GSEA results of hallmark gene sets for the high 
G6PD expression group. ns, not significant; *P<0.05; **P<0.01; ***P<0.001. GSEA, gene set enrichment analysis; G6PD, glucose‑6‑phosphate dehydrogenase. 
DC, dendritic cells; NK, natural killer; Tfh, follicular helper T cells; Th1, type I T‑helper cells; TIL, tumor‑infiltrating lymphocytes; Treg, regulatory T cells; 
HLA, human leukocyte antigen; APC, antigen‑presenting cell; MHC, major histocompatibility complex; CCR, chemokine receptors; pDCs, plasmacytoid 
DCs; aDCs, activated DCs; iDCs, immature DCs.
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a significant impact on ferroptosis‑mediated cancer therapy. 
Increasing evidence suggests that CRYAB is associated with 
tumors. Overexpression of CRYAB inhibits BC cell migration 
and invasion through the PI3K/AKT and ERK pathways (50).

TFRC contributes to the ferroptosis process by collecting 
extracellular iron and replenishing the intracellular iron 
pool (51). This receptor is a promising target for cancer therapy 
due to its high expression on malignant cells, ability to inter‑
nalize iron and requirement for cell proliferation. Targeting 
the TFRC has been demonstrated to be effective at delivering 
a wide variety of therapeutic agents and inducing cytotoxicity 
in cancer cells both in vitro and in vivo (52).

SQLE is a rate‑limiting enzyme in cholesterol synthesis (53). 
Ferroptosis is a condition caused by the accumulation of 
iron‑dependent lipid peroxides during cholesterol metabo‑
lism. Intracellular cholesterol promotes tumor formation or 
growth (54). In the present study, through GSEA analysis, 
enrichment of the cholesterol homeostasis pathway was identi‑
fied in both high risk score groups and high G6PD expression 
groups. SQLE reduction caused by cholesterol accumulation 
aggravates colorectal cancer progression by activating the 
β‑catenin oncogenic pathway and deactivating the p53 tumor 
suppressor pathway (55). Increased SQLE expression promotes 
cholesteryl ester biosynthesis, which induces hepatocellular 
carcinoma cell growth (56).

ZEB1, a central transcriptional component of fat cell 
differentiation, directly targets and modulates the expression 
of the majority of early and late adipogenic regulators (57). 
The sensitivity of GPX4 inhibitors has been reported to be 
associated with ZEB1 (36). GPX4 has a critical role in the 
regulation of ferroptotic cancer cell death (58).

G6PD is a rate‑limiting enzyme of the pentose phosphate 
pathway, which promotes progression in a variety of cancer 
types (59‑61). According to a previous study, patients with 
BC expressing a high level of G6PD may have a poor prog‑
nosis (62). In addition, inhibiting G6PD may decrease ROS 
accumulation and block the AKT pathway, affecting BC cell 
proliferation (62).

Ferroptosis in tumors has received increasing attention 
in recent years, although associated molecular changes and 
mechanisms in BC remain largely elusive. GO and KEGG 
enrichment analysis revealed potential mechanisms linking 
ferroptosis and BC, including immune‑related, redox‑related 
and stromal‑related pathways. The KEGG pathway enrich‑
ment analysis revealed a significant enrichment of the 
PI3K/AKT/mTOR pathway, which has been implicated in 
helping cancer cells evade ferroptosis (63). A previous study 
on colorectal cancer suggested that the benzopyran deriva‑
tive 2‑imino‑6‑methoxy‑2H‑chromene‑3‑carbothioamide 
regulated the activity of the AMPK/mTOR/p70S6k signaling 
pathway, which is related to ferroptosis (64). However, this 
pathway warrants further investigation in BC. In addition, 
enrichment of numerous immune‑related pathways indicated 
an association between ferroptosis and tumor immunity. A 
recent study by Wang et al (65) identified that tumor‑specific 
ferroptosis regulators cysteinyl‑tRNA synthetase exhibited a 
strong association with the expression of immune checkpoint 
genes, particularly PD‑L1, demonstrating the influence of 
ferroptosis on the tumor microenvironment. Simultaneously, 
serum PD‑L1 levels and the binding of CD68 and PD‑L1 were 
associated with poor prognosis in patients with BC (66,67). 
Thus, ssGSEA was used for further study. While it has been 

Figure 9. Reverse transcription‑quantitative PCR and immunohistochemistry results. (A) mRNA expression level of G6PD in BC cell lines. Data were analyzed 
by ANOVA followed by Tukey's post‑hoc test. (B‑D) mRNA expression level of G6PD in BC tissue and normal tissue in (B) GSE76211, (C) GSE130598 and 
(D) The Cancer Genome Atlas‑BLCA paired. (E) Representative immunohistochemistry images of cancerous and adjacent noncancerous tissues obtained from 
the Human Protein Atlas database (scale bar, 200 µm). **P<0.01; ***P<0.001. vs. SV‑HUC‑1/normal. BC/BLCA, bladder cancer; G6PD, glucose‑6‑phosphate 
dehydrogenase.
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established that a high infiltration of certain immune cells, 
such as macrophages, is associated with a poor prognosis in 
patients with BC, the role of others, such as Tregs, remains 
controversial (68). In addition, it was observed that the antigen 
presentation processes were more pronounced in the high‑risk 
group. These points warrant further investigation.

G6PD was chosen for further study based on clinical 
characteristics analysis and the results of the immunotherapy 
cohort analysis. G6PD encodes glucose‑6‑phosphate dehydro‑
genase, which provides NADPH for fatty acid and nucleic acid 
synthesis. It has been suggested that G6PD is one of the genes 
involved in ferroptosis (69). High levels of G6PD expression 
were associated with unfavorable overall survival in patients 
with BC (62). Gu et al (70) reported that the G6PD‑NADPH 
redox system was related to T cell metabolism. Given the asso‑
ciation between high G6PD expression and immunotherapy 
response, as well as the characteristics of the immune micro‑
environment, it is indicated that follow‑up studies on G6PD in 
patients with BC are necessary, while the majority of previous 
research has focused on G6PD in malaria.

Simultaneously, it was observed that several ferrop‑
tosis‑related pathways, such as angiogenesis, glycolysis and 
mTORC1 signaling, were active in both the high‑risk and high 
G6PD expression groups. A recent study indicated that the 
Rag/mTORC1/eukaryotic initiation factor 4E‑binding proteins 
axis promoted the synthesis of GPX4 protein, which inhibits 
ferroptosis (71). As previously reported, PI3K/AKT/mTOR 
signaling may also suppress ferroptosis via lipogenesis (63). 
Chen et al (72) demonstrated that targeting activating tran‑
scription factor 4 increased ferroptosis sensitivity of tumor 
cells by suppressing angiogenesis.

There are still several limitations to this study. First, the 
sample size in the present study was small, and therefore, 
the data used for analysis are not comprehensive. Additional 
prospective clinical data are required to validate the reliability 
of the present data. Finally, it should be emphasized that the 
relationship between ferroptosis and BC requires additional 
basic experimental validations.

In conclusion, the present study successfully constructed 
an FRG signature with prognostic value for BC and further 
identified the potential value of G6PD for future research. This 
opens up new avenues for targeted therapies in BC.
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