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Bladder cancer (BCa) is a life-threaten disease with an increasing incidence

with age, and immunotherapy has become an important treatment for BCa,

while the efficiency of the immune system declines with age. It is vital to reveal

themechanisms of tumor immunemicroenvironment (TIME) and identify novel

immunotherapy targets for BCa. Through analyzing the RNA-seq of TCGA-

BLCA cohort, we distinguished two ferroptosis-related BCa clusters, and we

discovered that in comparation with cluster 2, the cluster 1 BCa patients

showed higher PD-L1 expression, more unfavorable overall survival and

higher tumor stage and grade. XCELL analyses showed that higher level of

Th2 cell and Myeloid dendritic cell were enriched in cluster 1, while NK T cell

was enriched in cluster 2, and TIDE analysis revealed that cluster 2 was more

sensitive to immunotherapy than cluster 1. GSEA analysis implied that Toll-like

signaling pathway and JAK_STAT signaling pathway were significantly enriched

in cluster 1. Subsequently, through performing bioinformatic analysis and cell

experiments, we demonstrated that GCLM is overexpressed in BCa and

indicates dismal prognosis, and knockdown of GCLM can significantly

suppress the colony formation ability of BCa cells. Furthermore, we also

found that GCLM might be correlated with immune infiltration in BCa, and

can serve as a tumor promotor and immunological biomarker in BCa, our

research showed the vital roles of ferroptosis regulators in TIME of BCa, and

GCLM is a latent therapeutic target for cancer immunotherapy.
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Introduction

Bladder cancer is one of the most common malignancies,

resulting in more than 550,000 new cases and 200,000 deaths

annually worldwide (1). Despite remarkable advancements have

been achieved in cancer treatment in recent years, the clinical

outcomes of bladder cancer patients are still unsatisfactory,

especially for the elderly (2). Recently, immunotherapies

targeting immune checkpoints have shown unprecedented

effects in treating multiple cancer, including the BCa (3).

However, tumor immunosuppressive environment can greatly

impair therapeutic effects and result in unsustainable clinical

benefits (4). More and more studies demonstrated that

combined therapies such as chemotherapy, radiotherapy and

other targeted drugs could improve the tumor immune

microenvironment (TIME) and enhance the therapeutic effects

of immune‐checkpoint inhibitors (ICIs) (5, 6). Therefore, to

probe the heterogeneity and potential mechanisms of TIME for

BCa might help for personalized immunotherapy management.

Ferroptosis is a modifiable and complex programmed cell

death process that requires accumulation of lipid peroxides (7).

Despite the physio-pathologic roles of ferroptosis have not been

known thoroughly, the mechanisms underlying ferroptosis have

been revealed gradually with the help of great efforts from

researchers. Given that the vital roles of ferroptosis in inducing

cell deaths, ferroptosis might also play a key role in tumor

progression (8). As a matter of fact, there are several studies have

reported that the ferroptosis and its regulator genes could

determine the destiny of bladder cancer cells (9, 10). However,

most studies pay close attention to the intrinsic mechanisms of

ferroptosis in BCa, the associations between ferroptosis and

TIME still remain unclear. Emerging evidence indicates that

the anti-PD-L1 antibodies could activate NK T cell thus induce

cancer cells ferroptosis, while the ferroptosis depressor could

restrain this process. Additionally, they also discovered a

synergistic effect between ferroptosis activator and ICIs (anti-

PD-L1 antibodies), they can synergistically inhibit cancer cell

proliferation (11). However, a systematic analysis of ferroptosis

regulators and TIME in BCa is still missing.

Recently, Liang et al. has constructed a ferroptosis-related

genes (FRGs) signature to help predict the prognosis of BCa

patients, while they did not cluster bladder cancer patients

according to the expression of ferroptosis regulators (12). Here,

we systematically analyzed the relative expression, prognostic

values and cluster of ferroptosis regulator genes in BCa, we

constructed two heterogenous BCa clusters and discovered

different clinical characteristics and prognosis between two

clusters, Distinct tumor immune microenvironment (TIME),

PD-L1 expression and sensitivity to immunotherapy were also

found between this two clusters, which will help to stratify

different risk BCa patients and guide further treatment.

Subsequently, the GCLM was determined as the potential key

regulator among these ferroptosis genes, through performing
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bioinformatic analysis and cell experiments, we demonstrated

that GCLM is overexpressed in BCa and indicates dismal

prognosis, and knockdown of GCLM can significantly suppress

the colony formation and migration ability of BCa cells.

Furthermore, we also found that GCLM might be correlated

with immune infiltration in BCa, and can serve as a tumor

promotor and immunological biomarker in BCa. Our research

provides a novel insight and potential therapeutic target for BCa.
Materials and methods

Human cell lines and qRT-PCR analysis

The human normal bladder cell line SV-HUC-1 (short

name: SV) and BCa cell line UM-UC-3 (short name: UC3),

T24 and J82 were obtained from Shanghai Institute of Cell

Biology (Shanghai, China). The RPMI 1640 (for T24, J82 cell)

and MEM (for UC3, SV cell) medium with 10% fetal bovine

serum (FBS) were used to culture cells under a humidified

atmosphere of 5% CO2 at 37°C. The TRIzol reagent (Takara)

was used to extract total RNA, and PrimeScript RT Reagent Kit

(Takara) was utilized to reverse into cDNA. The ABI 7500 fast

real-time PCR System (Applied Biosystems) and SYBR Premix

Ex Taq (Takara) was used to detect relative expression of GCLM

mRNA via RT-qPCR method. GAPDH was the normalization

reference. All primers were listed in (Supplementary Table 1).
Cell transfection, trans-well and colony
formation assay

The BCa T24/UC3 cells were treated with 50nM si-GCLM or

si-NC, the transfection procedure was performed as previously

described (13), and the si-RNAs were listed in (Supplementary

Table 1). The transfected cells were cultured for 48h, and were

digested in biosafety cabinet and calculated in cell counter

(JIMBIO-FIL), the cells were then mixed with the culture

medium according to the standard of 1000 cells/well, then

added into a 6-well plate, the 6-well plate were cultured for 10

days, and were firstly fixed with methanol (15-20 min, 1ml/well),

then stained with crystal violet (15-20 min, 1ml/well). Finally,

the 6-well plate was rinsed in a container containing tap water,

then dried and calculated to detect relative colony formation

efficacy. The transwell compartments (Millipore) was used to

evaluate the migration capacity of T24/UC3 cells, the BCa cells

(about 7 × 104 UC3 and 5 × 104 T24 transfection cells) in

serum-free medium (300 mL) were transferred to the upper layer

of the chambers and put in 24-well plate (800mL 10% FBS

medium) and cultured for 24 h under 37°C. Then the

compartments were disposed with the methanol and crystal

violet (0.1%). The phase-contrast microscope (Olympus, 20×)

was used to image.
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Data acquisition and analysis

The clinical information and RNA-seq of TCGA-BLCA

cohort (408 BCa and 19 normal bladder tissues) were

derived from the TCGA database (https://portal.gdc.

cancer.gov/), the HPA database (https://www.proteinatlas.

org/) was utilized to assess the relative protein expression of

GCLM in BCa, to reduce error, the same antibody (antibody

ID: CAB009568) representative IHC stain image was selected, to

externally validate the prognosis of GCLM in BCa, the Kaplan-

Meier plotter (http://kmplot.com/analysis/) database was

online analyzed.
Consensus cluster analysis and LASSO
regression analysis

Based on the expression of ferroptosis regulators in BCa, the

consensus cluster analysis was performed through “Consensus

Cluster Plus” package (the maximum number of clusters is six,

and 80% of the total sample drawn 100 times), the clinical

characteristics of two BCa clusters and Venn plot were displayed

by using the Hiplot database (https://hiplot-academic.com/).

The hub regulator gene selection was performed with the help

of least absolute shrinkage and selection operator (LASSO)

regression algorithm (“glmnet” package), and 10-fold cross-

validation was used.
GSEA analysis

The “Cluster Profiler” package was applied to perform the

GSEA analysis and probe the mechanisms of GCLM and two

clusters, the KEGG analysis was used to illustrate potential

signaling pathway led to the distinct biological process, FDR

and adjust p value <0.05 indicate meaningful pathways.
TIME analysis

With the help of “GSVA” package, the ssGSEA algorithm

was used to evaluate the relations of GCLM and 3 co-expressed

genes with tumor immune cells. The xCell algorithm of

“immunedeconv” and “pheatmap” package was implemented

to assess immune infiltrating degree of two clusters, xCell

algorithm was also used to investigate the links of GCLM and

TIME in more than 30 types of cancer. The Tumor Immune

Dysfunction and Exclusion (TIDE) analysis was used to predict

ICB response (14). The expression relations of GCLM and

immune checkpoints were also performed to illustrate the

correlations of GCLM with TIME.
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Statistical analysis

The GraphPad Prism (8.0) and R (4.0.3) were applied to

perform statistical analyses. The associations of GCLM

expression with co-expressed genes and PD-L1 expression

were evaluated by using spearman correlation analysis, the t

test and Kruskal-Wallis test were used to perform comparison

among groups. p < 0.05 indicated significance.
Results

Diverse expression patterns of
ferroptosis regulators in BCa

According to the previous studies, we selected 98 ferroptosis

regulators to perform analysis, which were validated to play

pivotal roles in cell ferroptosis (15, 16). Through analyzing the

relative expression levels and prognostic values of ferroptosis

regulators in TCGA-BLCA cohort, we found that there are 28

significantly upregulated ferroptosis regulators in BCa, including

the ATG7, AURKA, CA9, CASP8, CDKN2A, ELAVL1,

FANCD2, GCLM, GSS, HELLS, HILPDA, HMGB1, HMOX1,

HSPA5, MIF, MT1G, MUC1, NFS1, NGB, OTUB1, PCBP2,

PRC1, PROM2, SLC11A2, SLC3A2, STEAP3, TFRC and

VDAC122 (P<0.05; Figure 1A), and there were 22 significantly

downregulated ferroptosis regulators in BCa, including the

ACSL6, ANO6, CFTR, CISD1, EGLN1, EPAS1, GCLC,

MAP1LC3A, MAP1LC3B, MAP1LC3B2, MAP1LC 3C, MYC,

NCOA4, NFE2L2, PRKAA2, PRNP, RIPK1, SLC39A14,

SLC40A1, SOCS1, VDAC2, YAP1 (P<0.05; Figure 1B), and 48

non-differentially expressed ferroptosis regulators in BCa

(P>0.05; Figure 1C). Furthermore, correlations of theses

ferroptosis regulatory genes with the overall survival (OS) of

BCa patients were also explored via using the Cox regression

method, and the results implied that the highly expressed

CISD1, GCLM, SLC39A8, MYC, VDAC1, SLC39A14, HSPA5,

FH and LAMP2 were significantly associated with the worse OS

of BCa patients (Figure 1D). These findings revealed that

ferroptosis regulators may be involved in the progression of BCa.
Identification of two heterogeneous
clusters for BCa based on the expression
levels of ferroptosis regulators

Based on the RNA-seq data of TCGA-BLCA, two

heterogeneous clusters of BCa were identified via conducting

the consensus clustering analysis according to the expression of

these ferroptosis regulators, and the results demonstrated that

the k=2 (Figure 2A) was more optimal than k=3, 4, 5, 6
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(Figures 2B–E) for BCa, and this was consistent with the results

of cumulative curves (Figure 2F). Hence, these 408 BCa patients

were divided into two independent clusters (C1/C2; cluster 1/2).

Subsequently, through analyzing the clinical information of

these two cluster BCa patients, we found that patients in

cluster 1 show higher percent of tumor stage and grade than

cluster 2 (Figures 2G, H). Moreover, in comparation with the

cluster 2 patients, cluster 1 patients possessed more unfavorable

overall survival (Figure 2I).
Distinct immune environment and PD-L1
expression in two BCa clusters

In order to probe the immune microenvironment of the

above two BCa clusters, we preliminarily analyzed the TCGA-

BLCA cohort, and the results revealed that 62 ferroptosis

regulators are positively correlated with PD-L1, 10

ferroptosis regulators are negatively correlated with PD-L1,

and 26 ferroptosis regulators have no significant associations

with PD-L1 (Figure 3A), this indicated that ferroptosis

regulators may be tightly linked with the tumor immune

microenvironment (TIME) of BCa. Therefore, we further
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explored the TIME of two clusters, and found that there is

significantly distinct TIME between two BCa clusters

(Figure 3B). We also investigate the expression of immune

checkpoints of two clusters, and the results showed that the

checkpoints such as PD-L1, CTLA4, PD-1, LAG3, PD-L2 and

TIGIT were remarkably overexpressed in cluster 1 compared to

cluster 2 (Figure 3C). Moreover, the results of xCell algorithm

showed that the immune score and microenvironment score in

cluster 1 are higher than cluster 2 (Figures 4A, B), for tumor-

related immune cells, the Th2 cell and Myeloid dendritic cell

were found to be remarkably enriched in cluster 1 (Figures 4C,

D), while the NK T cell and CD4+ effector memory T cell were

remarkably enriched in cluster 2 (Figure 4E, F). Additionally,

we also evaluate the immune checkpoint blockade (ICB)

response efficacy of two clusters via performing the TIDE

analysis, and we found that the TIDE score of cluster 1 is

significantly higher than cluster 2 (Figure 4G). Furthermore,

the GSEA analysis was then applied to uncover the underlying

mechanisms of ferroptosis regulators, and the results implied

that the Toll-like signaling pathway and JAK_STAT signaling

pathway were significantly enriched in cluster 1 (Figures 4H, I).

These findings revealed that distinct TIME between

two clusters.
B

C DA

FIGURE 1

The relative expression levels and prognostic values of ferroptosis regulators in TCGA-BLCA cohort. (A) 28 significantly upregulated ferroptosis
regulators in BCa. (B) 22 significantly downregulated ferroptosis regulators in BCa. (C) The expression levels of 48 ferroptosis regulators were
not significantly different between BCa and normal bladder tissues. (D) The prognostic values of ferroptosis regulators in BCa, the red font
represents statistical significance. *p < 0.05; **p < 0.01, ***p < 0.001. NS, Non Significance.
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Identification of GCLM as the potential
immune-related ferroptosis regulator
in BCa.

To determine the key ferroptosis regulators of BCa, we

conducted the LASSO regression analysis (Figure 5A), and

found that the optimal lambda value in Lasso model is 5

(Figure 5B), which indicated that 5 ferroptosis regulators were

the key factors among these regulators, including the GUCY1A1,

PRDX6, GCLM, ACSL5 and VDAC3. Based on the expression of

these 5 key regulators in BCa, we then constructed a prognostic

signature, namely high and low risk-score group, which will help

to make clinical decision to predict the prognosis for BCa

patients (Figure 5C). Moreover, among these 5 key regulators,

the overexpression of GUCY1A1, PRDX6, GCLM and reduction
Frontiers in Oncology 05
of ACSL5 could predict unfavorable OS for BCa patients

(Figure 5D). Subsequently, to identify the potential immune-

related hub ferroptosis regulator in BCa, we took an intersection

of ferroptosis regulators that are positively correlated with the

expression of PD-L1, associated with worse OS and highly

expressed key regulators in BCa, and the results revealed that

the GCLM may be the potential immune-related ferroptosis

regulator in BCa (Figure 5E). Moreover, compared with the

cluster 2, GCLM was also remarkably upregulated in cluster 1

(Figure 5F). To ulteriorly explore the expression and prognostic

values of GCLM in BCa, we firstly analyzed the TCGA-BLCA

dataset, and found that GCLM was remarkably upregulated in

BCa tissues compared to normal bladder tissues (Figure 6A), and

the expression of GCLM was increased along with the higher

tumor grade and stage (Figures 6B, C). We then verified the
B C

D E F

G H I

A

FIGURE 2

Consensus clustering analysis of ferroptosis regulators in BCa. (A–E) Consensus clustering matrix for (A) k = 2, (B) k = 3, (C) k = 4, (D) k = 5, (E)
k = 6. (F) Cumulative curves for k = 2–6. (G, H) Distribution of C1/C2 in BCa (G) TNM stage and (H) tumor grade. (I) Kaplan-Meier curves
showing OS of C1/C2. C1 and C2 represents Cluster 1 and Cluster 2, respectively.
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relative expression of GCLM in BCa cells and normal bladder

cell, and found that in comparation with the normal bladder cell

(SV), the GCLM is significantly highly expressed in T24, UC3

and J82 BCa cells (Figure 6D), and the IHC intensity of GCLM

in BCa tissue tended to stronger than normal bladder tissue

(Figure 6E). Furthermore, through analyzing the clinical data of

TCGA-BLCA cohort, we found that overexpression of GCLM

predicts unfavorable OS and PFI (progression free interval) for

BCa patients (Figures 6F, G), meanwhile, we also found that the

highly expressed GCLM predicts unfavorable OS of BCa patients

in Kaplan-Meier plotter database (Figure 6H). These findings

implied that GCLM may be an important regulator in

BCa progression.
GCLM promote tumor progression and is
associated with immune infiltration

Given that GCLM is highly expressed in BCa, we then

silenced the endogenous expression of GCLM in BCa T24/

UC3 cells and performed the colony formation and trans-well

assays, and the results showed that the colony formation and
Frontiers in Oncology 06
migration ability of si-GCLM treated T24 and UC3 cells were

significantly inhibited compared to si-NC treated cells

(Figures 7A, B). Subsequently, we applied GSEA analysis to

explore the potential mechanisms of GCLM in BCa, and we

found that the cytokine-cytokine receptor interaction pathway,

ce l l adhes ion molecules cams pathway, g lycolys is

gluconeogenesis, antigen processing and presentation, and toll

like receptor signaling pathway were significantly enriched in

highly expressed GCLM BCa samples (Figure 7C). Furthermore,

we also performed the correlation analysis of GCLM in TCGA-

BLCA cohort, and the results showed that SRXN1, TXNRD1 and

ABCA4 are the top 3 GCLM co-expressed genes (Figure 7D).

Moreover, we also found that GCLM and its 3 co-expressed

genes were tightly linked with the infiltrating levels of immune

cells, especially the Th2 cell and macrophages (Figures 7E–H).

Additionally, we also systematically analyzed the links between

GCLM expression and tumor immune infiltration in pan-

cancer, and the results implied that high expression of GCLM

tightly linked with the infiltrating level of Th2 cell in various

types of cancer, while negatively correlated with the infiltrating

levels of NK T cell in multiple cancers, including the BCa

(Figure 8A). Meanwhile, we also explored the associations
B

C

A

FIGURE 3

Distinct tumor immune microenvironment (TIME) between two BCa clusters. (A) Correlations of ferroptosis regulators with PD-L1 expression in
BCa. The red dots represent positive correlation, grey dots represent no significance, and blue dots represent negative correlation. (B) The
heatmap visualized distinct infiltrating level of immune cells between two BCa clusters. (C) The half-violin plots visualized the distribution of the
immune checkpoints of two BCa clusters. *p < 0.05; **p < 0.01, ***p < 0.001.
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between 8 common immune checkpoints and GCLM in pan-

cancer, and found that GCLM tightly linked with the expression

of immune checkpoints in cancers, especially the CD274 (also

namely PD-L1) (Figure 8B). Collectively, these findings revealed

that overexpressed GCLM was tightly linked with immune

infiltrating in cancers, including the BCa.
Discussion

Ferroptosis has attracted much attention since 2012 for its

associations with aging, immunity and cancer (7). Emerging

evidence reports the crucial roles of ferroptosis in the

development of human malignancies (17), while the potential

roles of ferroptosis in regulating TIME of BCa are still missing.

Here, we found that the ferroptosis regulators are frequently
Frontiers in Oncology 07
aberrant expressed in BCa, then we determined two

heterogeneous clusters for BCa based on the expression levels

of ferroptosis regulators, and found distinct prognosis and TIME

between the two clusters, among these ferroptosis regulators, we

further identified the GCLM as the key immune-related

regulator, and knockdown its expression in BCa cells could

significantly inhibit tumor progression.

Recently, the treatment for human cancers have gradually

evolved with the proposition and development of precision

medicine (18). Tumors can be defined as specific subtypes with

different sensitivity to some therapeutic methods (e.g

radiotherapy, immuno-therapy or chemotherapy) based on the

big data analysis for patients, thus implementing individualized

treatment (19). There are many studies attempted to distinguish

specific patients that are susceptible to immunotherapy (e.g ICIs)

(20, 21). For example, some researchers classified the Lung
B C

D E F

G H I

A

FIGURE 4

Differential infiltrating levels of immune cells between two BCa clusters. (A) The immune score and (B) microenvironment score of two BCa
clusters. (C-F) The infiltrating levels of (C) Th2 cell, (D) Myeloid dendritic cell, (E) NK T cell, (F) CD4+ effector memory T cell in two clusters. (G)
The TIDE score of C1/C2. (H) Toll-like signaling pathway and (I) JAK_STAT signaling pathway. *p < 0.05; **p < 0.01, ***p < 0.001.
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adenocarcinoma (LUAD) patients into two independent clusters

with different clinical characteristics and clinical outcomes

according to the expression of immune genes in LUAD, and

their research showed that the high-risk immune LUAD patients

could obtain more durable benefits from ICIs than low-risk

patients (22). Meanwhile, the colorectal cancer patients were

also divided into two independent subtypes based on the

expression of autophagy genes, namely low and high-risk

patients, and their study revealed that high-risk group patients

are more susceptible to aggressive and targeted therapies (23).

Recently, some studies have focused on the exploration of the

effects of ferroptosis on the development of BCa. Liang et al.
Frontiers in Oncology 08
constructed a ferroptosis-related genes (FRGs) signature to help

predict the prognosis of BCa patients, while they did not cluster

bladder cancer patients according to the expression of ferroptosis

regulators. they used the Cox regression analysis to construct a 7

ferroptosis-related genes (FRGs) risk score to help predict

prognosis for BCa patients based on the expression of 60

ferroptosis genes. Interestingly, Despite the number of

ferroptosis genes (we included 98 ferroptosis genes) included in

the study varied, their study also identified the GCLM as one hub

ferroptosis genes among these 7 FRGs, which also indicates the

potentially important role of GCLM in the development of BCa

(12). Xia et al. established a ferroptosis score to quantify the
frontiersin.or
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FIGURE 5

Identification of GCLM as the potential immune-related ferroptosis regulator in BCa. (A) Lasso regression of ferroptosis regulators in BCa.
(B) The optimal lambda value in Lasso model. (C) Prognostic analysis of gene signature including 5 hub ferroptosis regulators. (D) The prognosis
of 5 hub genes in BCa via Cox regression method. (E) A Venn diagram displayed that GCLM is the potential key ferroptosis regulator in BCa. (F)
The relative expression of GCLM in Cluster 1 and 2. ****p < 0.0001.
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prognosis and therapeutic effects of BCa patients based on the

expression of ferroptosis genes, they also two distinct BCa clusters

based on expression of ferroptosis genes, while they did not

identify the potential hub ferroptosis regulator among these genes

(24). Here, according to the expression patterns of ferroptosis

regulators in BCa, two heterogeneous clusters were identified, in

comparation with cluster 2, the cluster 1 BCa patients showed

higher PD-L1 expression, more unfavorable overall survival and

higher tumor stage and grade, and TIDE analysis revealed that

cluster 2 was more sensitive to immunotherapy than cluster 1.

This classification scheme could help to make clinical decision for

BCa treatment. Meanwhile, XCELL analyses showed that higher

level of Th2 cell and Myeloid dendritic cell were enriched in

cluster 1, while NK T cell was enriched in cluster 2, emerging

evidence suggests that anti-PD-L1 antibodies with NK T cell

could promote the ferroptosis process of cancer cells, while the

inhibitor of ferroptosis could depress this combination effects in
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tumor cells (11, 25). These findings implied overwhelmingly

complex functions in regulating TIME of BCa. Furthermore,

the GSEA analysis was carried out to investigate the underlying

mechanisms of this two clusters, the results implied that Toll-like

signaling pathway and JAK_STAT signaling pathway were

significantly enriched in cluster 1. Numerous studies reported

that the Toll-like signaling pathway are important regulators of

human immune system, its activation could evoke specific

immune responses (26). Moreover, the abnormal activation of

JAK_STAT signaling pathway was demonstrated to be

participated in immunologic derangement and the occurrence

of cancer (27). These findings implied that the interactions of

ferroptosis with Toll-like signaling pathway and JAK_STAT

signaling pathway might play vital roles in regulating TIME

of BCa.

Subsequently, through performing cell experiments and

bioinformatic analyses, GCLM was determined as the potential
B

C D

E

F G H

A

FIGURE 6

GCLM is highly expressed in BCa and its elevated expression correlated with unfavorable prognosis. (A) GCLM is highly expressed in 19 paired
BCa and normal bladder tissues in TCGA-BLCA cohort. GCLM expression is associated with higher tumor histologic grade (B) and pathologic
stage (C) in BCa. (D) GCLM is highly expressed in BCa T24, UC3 and J82 cell lines compared to normal bladder cell line SV. (E) The IHC stain of
GCLM in normal bladder tissue (left) and bladder cancer tissue (right). Overexpression of GCLM predicts unfavorable (F) OS and (G) PFI in TCGA-
BLCA cohort. (H) Overexpression of GCLM predicts unfavorable OS of BCa patients in Kaplan-Meier plotter database. *p < 0.05; **p < 0.01, ***p
< 0.001.
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key regulator among these ferroptosis genes. GCLM is an

important regulator for ferroptosis, it is also the firstly

reported rate‐limiting enzyme of glutathione synthesis (28).

Harris et al. demonstrated that the GCLM driven synthesis

process of the antioxidant glutathione (GSH) is essential for

tumor occurrence (29). Inoue et al. reported that the inhibition

of GCLM could improve the CDDP-resistance process in non-

small cell lung cancer, and it can serve as a potential target for

treatment (30). However, the interactions of TIME and GCLM

in BCa are still missing. Hence, we also attempted to probe the

functions and mechanisms of GCLM in BCa, we demonstrated
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that GCLM is overexpressed in BCa and its overexpression

indicates dismal prognosis, knockdown of GCLM can

significantly suppress the colony formation ability and

migration ability of BCa cells, we also found that GCLM

might be correlated with immune infiltration in BCa, and can

serve as a tumor promotor and immunological biomarker in

BCa. Our research provides a novel insight and potential

therapeutic target for BCa. However, there are also some

defects in our study. Firstly, 98 regulators of ferroptosis were

based on literature review, it is possible that some potential

unknown regulators were not included in this study. Secondly,
B

C D E

F G H

A

FIGURE 7

GCLM promotes tumor progression and is associated with immune infiltration in BCa. (A, B) Knockdown the expression of GCLM can
significantly inhibit the (A) colony formation ability and (B) migration ability of T24 and UC3 cells. (C) The results of GSEA algorithm analysis
indicated the potential KEGG signaling pathways of highly expressed GCLM in BCa. (D) The heatmap indicated that the SRXN1, TXNRD1 and
ABCA4 are top 3 GCLM co-expressed genes in TCGA-BLCA cohort. The ssGSEA analysis of the correlations of (E) GCLM, (F) SRXN1, (G) TXNRD1
and (H) ABCA4 with immune cells in BCa. ***p < 0.001, ****p < 0.0001.
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we conducted the clustering analysis and immune analyses were

based on TCGA-BLCA cohort, because of lacking samples in our

own center, more bigger cohort analyses are needed to verified

out findings. Finally, although we performed the in vitro assay to

illustrate the tumor promotor role of GCLM in BCa, more

assayed are also needed to further demonstrate the role and

mechanism of GCLM in BCa.

Collectively, our research comprehensively explored the

expression patterns, diagnosis of ferroptosis regulators in BCa,

and two clusters were constructed to help clinical decision

making, we also found that the GCLM might be a tumor

promotor and immunological biomarker in BCa.
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FIGURE 8

Systematic analysis of the links between GCLM expression and immune infiltration in pan-cancer. (A) XCELL analysis the links between GCLM
expression and immune cells in pan-cancer. (B) Correlations of GCLM and immune checkpoints in pan-cancer. *p < 0.05; **p < 0.01, ***p <
0.001.
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Pembrolizumab monotherapy for the treatment of high-risk non-muscle-invasive
bladder cancer unresponsive to BCG (KEYNOTE-057): an open-label, single-arm,
multicentre, phase 2 study. Lancet Oncol (2021) 22(7):919–30. doi: 10.1016/s1470-
2045(21)00147-9

4. He K, Jia S, Lou Y, Liu P, Xu L. Cryo-thermal therapy induces macrophage
polarization for durable anti-tumor immunity. Cell Death Dis (2019) 10(3):216.
doi: 10.1038/s41419-019-1459-7

5. Ribas A, Lawrence D, Atkinson V, Agarwal S, Miller W, Carlino M, et al.
Combined BRAF and MEK inhibition with PD-1 blockade immunotherapy in
BRAF-mutant melanoma. Nat Med (2019) 25(6):936–40. doi: 10.1038/s41591-019-
0476-5

6. Patel V, Oh W, Galsky M. Treatment of muscle-invasive and advanced
bladder cancer in 2020. CA: Cancer J Clin (2020) 70(5):404–23. doi: 10.3322/
caac.21631

7. Dixon S, Lemberg K, Lamprecht M, Skouta R, Zaitsev E, Gleason C, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell (2012) 149
(5):1060–72. doi: 10.1016/j.cell.2012.03.042

8. Xia Y, Liu S, Li C, Ai Z, ShenW, RenW, et al. Discovery of a novel ferroptosis
inducer-talaroconvolutin a-killing colorectal cancer cells in vitro and in vivo. Cell
Death Dis (2020) 11(11):988. doi: 10.1038/s41419-020-03194-2

9. Sun Y, Berleth N, Wu W, Schlütermann D, Deitersen J, Stuhldreier F, et al.
Fin56-induced ferroptosis is supported by autophagy-mediated GPX4 degradation
and functions synergistically with mTOR inhibition to kill bladder cancer cells. Cell
Death Dis (2021) 12(11):1028. doi: 10.1038/s41419-021-04306-2

10. Luo W, Wang J, Xu W, Ma C, Wan F, Huang Y, et al. LncRNA RP11-89
facilitates tumorigenesis and ferroptosis resistance through PROM2-activated iron
export by sponging miR-129-5p in bladder cancer. Cell Death Dis (2021) 12
(11):1043. doi: 10.1038/s41419-021-04296-1

11. Wang W, Green M, Choi J, Gijón M, Kennedy P, Johnson J, et al. CD8 T
cells regulate tumour ferroptosis during cancer immunotherapy. Nature (2019) 569
(7755):270–4. doi: 10.1038/s41586-019-1170-y

12. Liang Y, Ye F, Xu C, Zou L, Hu Y, Hu J, et al. A novel survival model based
on a ferroptosis-related gene signature for predicting overall survival in bladder
cancer. BMC Cancer (2021) 21(1):943. doi: 10.1186/s12885-021-08687-7

13. Wang S, Ma X, Ying Y, Sun J, Yang Z, Li J, et al. Upregulation of ARNTL2 is
associated with poor survival and immune infiltration in clear cell renal cell
carcinoma. Cancer Cell Int (2021) 21(1):341. doi: 10.1186/s12935-021-02046-z

14. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T cell
dysfunction and exclusion predict cancer immunotherapy response. Nat Med
(2018) 24(10):1550–8. doi: 10.1038/s41591-018-0136-1

15. Hong Z, Tang P, Liu B, Ran C, Yuan C, Zhang Y, et al. Ferroptosis-related
genes for overall survival prediction in patients with colorectal cancer can be
inhibited by Gallic acid. Int J Biol Sci (2021) 17(4):942–56. doi: 10.7150/ijbs.57164

16. Wang S, Chen S, Ying Y, Ma X, Shen H, Li J, et al. Comprehensive analysis
of ferroptosis regulators with regard to PD-L1 and immune infiltration in clear cell
Frontiers in Oncology 12
renal cell carcinoma. Front Cell Dev Biol (2021) 9:676142. doi: 10.3389/
fcell.2021.676142

17. Ding Y, Chen X, Liu C, GeW,Wang Q, Hao X, et al. Identification of a small
molecule as inducer of ferroptosis and apoptosis through ubiquitination of GPX4 in
triple negative breast cancer cells. J Hematol Oncol (2021) 14(1):19. doi: 10.1186/
s13045-020-01016-8

18. Dupont C, Riegel K, Pompaiah M, Juhl H, Rajalingam K. Druggable genome
and precision medicine in cancer: current challenges. FEBS J (2021) 288(21):6142–
58. doi: 10.1111/febs.15788

19. Zhang H, Ahearn T, Lecarpentier J, Barnes D, Beesley J, Qi G, et al.
Genome-wide association study identifies 32 novel breast cancer susceptibility
loci from overall and subtype-specific analyses. Nat Genet (2020) 52(6):572–81.
doi: 10.1038/s41588-020-0609-2

20. Tan T, Rouanne M, Tan K, Huang R, Thiery J. Molecular subtypes of
urothelial bladder cancer: Results from a meta-cohort analysis of 2411 tumors. Eur
Urol (2019) 75(3):423–32. doi: 10.1016/j.eururo.2018.08.027

21. Yan H, Siu H, Law S, Ho S, Yue S, Tsui W, et al. A comprehensive human
gastric cancer organoid biobank captures tumor subtype heterogeneity and enables
therapeutic screening. Cell Stem Cell (2018) 23(6):882–897.e11. doi: 10.1016/
j.stem.2018.09.016

22. Wang Q, Li M, Yang M, Yang Y, Song F, Zhang W, et al. Analysis of
immune-related signatures of lung adenocarcinoma identified two distinct
subtypes: implications for immune checkpoint blockade therapy. Aging (2020)
12(4):3312–39. doi: 10.18632/aging.102814

23. Zhou Z, Mo S, Dai W, Ying Z, Zhang L, Xiang W, et al. Development and
validation of an autophagy score signature for the prediction of post-operative
survival in colorectal cancer. Front Oncol (2019) 9:878. doi: 10.3389/
fonc.2019.00878

24. Xia Q, Sun J, Liu C, Xu J, An Y, Xu M, et al. Ferroptosis patterns and tumor
microenvironment infiltration characterization in bladder cancer. Front Cell Dev
Biol (2022) 10:832892. doi: 10.3389/fcell.2022.832892

25. Lang X, Green M, Wang W, Yu J, Choi J, Jiang L, et al. Radiotherapy and
immunotherapy promote tumoral lipid oxidation and ferroptosis via synergistic
repression of SLC7A11. Cancer Discovery (2019) 9(12):1673–85. doi: 10.1158/2159-
8290.Cd-19-0338

26. Long S, Liu R, Kumar D, Wang Z, Su C. Immune protection of a helminth
protein in the DSS-induced colitis model in mice. Front Immunol (2021)
12:664998. doi: 10.3389/fimmu.2021.664998

27. Song X, Zhang Z, Wang S, Li H, Zuo H, Xu X, et al. A janus kinase in the
JAK/STAT signaling pathway from litopenaeus vannamei is involved in antiviral
immune response. Fish shellfish Immunol (2015) 44(2):662–73. doi: 10.1016/
j.fsi.2015.03.031

28. Deng T, Hu B, Jin C, Tong Y, Zhao J, Shi Z, et al. A novel ferroptosis
phenotype-related clinical-molecular prognostic signature for hepatocellular
carcinoma. J Cell Mol Med (2021) 25(14):6618–33. doi: 10.1111/jcmm.16666

29. Harris I, Treloar A, Inoue S, Sasaki M, Gorrini C, Lee K, et al. Glutathione
and thioredoxin antioxidant pathways synergize to drive cancer initiation and
progression. Cancer Cell (2015) 27(2):211–22. doi: 10.1016/j.ccell.2014.11.019

30. Inoue Y, Tomisawa M, Yamazaki H, Abe Y, Suemizu H, Tsukamoto H, et al.
The modifier subunit of glutamate cysteine ligase (GCLM) is a molecular target for
amelioration of cisplatin resistance in lung cancer. Int J Oncol (2003) 23(5):1333–9.
doi: 10.3892/ijo.23.5.1333
frontiersin.org

https://doi.org/10.3322/caac.21660
https://doi.org/10.1001/jama.2020.17598
https://doi.org/10.1016/s1470-2045(21)00147-9
https://doi.org/10.1016/s1470-2045(21)00147-9
https://doi.org/10.1038/s41419-019-1459-7
https://doi.org/10.1038/s41591-019-0476-5
https://doi.org/10.1038/s41591-019-0476-5
https://doi.org/10.3322/caac.21631
https://doi.org/10.3322/caac.21631
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41419-020-03194-2
https://doi.org/10.1038/s41419-021-04306-2
https://doi.org/10.1038/s41419-021-04296-1
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1186/s12885-021-08687-7
https://doi.org/10.1186/s12935-021-02046-z
https://doi.org/10.1038/s41591-018-0136-1
https://doi.org/10.7150/ijbs.57164
https://doi.org/10.3389/fcell.2021.676142
https://doi.org/10.3389/fcell.2021.676142
https://doi.org/10.1186/s13045-020-01016-8
https://doi.org/10.1186/s13045-020-01016-8
https://doi.org/10.1111/febs.15788
https://doi.org/10.1038/s41588-020-0609-2
https://doi.org/10.1016/j.eururo.2018.08.027
https://doi.org/10.1016/j.stem.2018.09.016
https://doi.org/10.1016/j.stem.2018.09.016
https://doi.org/10.18632/aging.102814
https://doi.org/10.3389/fonc.2019.00878
https://doi.org/10.3389/fonc.2019.00878
https://doi.org/10.3389/fcell.2022.832892
https://doi.org/10.1158/2159-8290.Cd-19-0338
https://doi.org/10.1158/2159-8290.Cd-19-0338
https://doi.org/10.3389/fimmu.2021.664998
https://doi.org/10.1016/j.fsi.2015.03.031
https://doi.org/10.1016/j.fsi.2015.03.031
https://doi.org/10.1111/jcmm.16666
https://doi.org/10.1016/j.ccell.2014.11.019
https://doi.org/10.3892/ijo.23.5.1333
https://doi.org/10.3389/fonc.2022.1040892
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Systematical analysis of ferroptosis regulators and identification of GCLM as a tumor promotor and immunological biomarker in bladder cancer
	Introduction
	Materials and methods
	Human cell lines and qRT-PCR analysis
	Cell transfection, trans-well and colony formation assay
	Data acquisition and analysis
	Consensus cluster analysis and LASSO regression analysis
	GSEA analysis
	TIME analysis
	Statistical analysis

	Results
	Diverse expression patterns of ferroptosis regulators in BCa
	Identification of two heterogeneous clusters for BCa based on the expression levels of ferroptosis regulators
	Distinct immune environment and PD-L1 expression in two BCa clusters
	Identification of GCLM as the potential immune-related ferroptosis regulator in BCa.
	GCLM promote tumor progression and is associated with immune infiltration

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


