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Background. The role of ferroptosis-related long non-coding RNAs (IncRNAs) in bladder cancer remains elusive. This study is
aimed at examining the prognostic role of ferroptosis-related IncRNAs in bladder cancer. Materials and Methods. The
transcriptomic matrix and clinical information of patients with bladder cancer were obtained from The Cancer Genome Atlas
(TCGA) database. A ferroptosis-related IncRNA signature was developed via the least absolute shrinkage and selection
operator (LASSO) analysis using data from the training cohort, and the signature was further validated using data from the
test cohort. The role of AC006160.1, the most significant IncRNA in the risk signature, was examined in various cell lines
including SV-HUC-1, BIU-87, HT-1376, T24, RT4, RT-112, 5637, and UMUC3. The pcDNA3.1-AC006160.1 plasmid was
constructed and transfected into the bladder cancer cell lines T24 and BIU-87. In addition, cell proliferation, colony formation,
transwell, and wound healing assays were performed to examine the biological function of AC006160.1 in T24 and BIU-87 cell
lines. Results. Two clusters were identified through consensus clustering based on prognostic ferroptosis-related IncRNAs. A
5-IncRNA risk signature was successfully constructed using data from the training cohort and validated using data from the
test cohort. The risk signature had excellent ability to predict survival outcomes, clinical stages, pathological grades,
expression of immune checkpoints, and immunotherapeutic responses in bladder cancer samples. Furthermore, AC006160.1
expression was found to be lower in the cancer cell lines BIU-87, T24, RT4, RT-112, and 5637 than in the normal control
cell line SV-HUC-1. Cell proliferation, colony formation, transwell migration, and wound healing assays validated that
overexpression of AC006160.1 significantly inhibited the proliferation and invasion abilities of both T24 and BIU-87 cells.
Drug sensitivity analysis revealed that patients with high expression of AC006160.1 were sensitive to metformin and
methotrexate, and the results were further validated via in vitro drug experiments. Conclusions. Ferroptosis-related IncRNAs
play a vital role in predicting the multiomic characteristics of bladder cancer. The IncRNA AC006160.1 serves as a protective
factor for the development of bladder cancer.

1. Introduction to >2,00,000 deaths annually worldwide [1]. Non-muscle-

invasive bladder cancer accounts for 50% of bladder cancer
Bladder cancer, one of the most malignant tumours, originates  cases, whereas muscle-invasive bladder cancer accounts for
from the transitional epithelium of the urinary tract and leads ~ 30% of cases [1, 2]. Although bladder cancer can be treated
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via transurethral tumour resection or radical cystectomy, a
considerable proportion of patients develops tumour recur-
rence or metastasis [3]. During the past decade, limited prog-
ress has been made in the development of relative treatment
modalities for bladder cancer owing to unclear mechanisms
underlying cancer development. At present, cisplatin-based
chemotherapy is recommended as the first-line treatment for
advanced bladder cancer, and immunotherapy is recom-
mended as the second-line treatment [4, 5]. However, only a
limited number of patients can benefit from chemotherapy
and immunotherapy. Moreover, patients with the same clini-
cal stage or grade often have distinct survival outcomes after
receiving similar treatment strategies. These discrepancies
indicate that other biological mechanisms may be involved
in the development of bladder cancer, which remain elusive
at present. Recent developments in large-scale gene expression
and sequencing technology have helped clinicians to explore
valuable tools for improving the diagnosis and treatment of
bladder cancer [6].

Ferroptosis is a novel cell death mechanism, which is
different from previously known programmed cell death mech-
anisms including autophagy and apoptosis [7, 8]. It is typically
characterised by iron dependence and accumulation of reactive
oxygen species in cells [8, 9]. The unique morphological
characteristics of ferroptosis include the loss of mitochondrial
cristae, shrinkage of cell mitochondria, and enhanced density
of the mitochondrial membrane [10]. These characteristics
confirm that ferroptosis is a novel cell death mechanism, which
may offer promising directions for research into cell death and
cancer treatment. Several studies have demonstrated that
ferroptosis plays a vital regulatory role in various malignant
cancers including colorectal cancer, non-small-cell lung cancer,
hepatocellular carcinoma, breast cancer, and acute myeloid
leukaemia [9, 11, 12]. Identification of drugs interfering with
ferroptosis in cancer cells may help to develop novel treatment
strategies for cancer in the future, especially for patients who
are resistant to chemotherapy or immunotherapy [13-15].
Eling et al. reported that pancreatic cancer cells can be inhibited
by inducing ferroptosis using the combination of cotylenin A
and phenylethyl isothiocyanate [16]. A recent study reported
that sorafenib plays a therapeutic role by inducing ferroptosis
in hepatocellular carcinoma [17]. Previous high-quality studies
have validated that several mRNAs participate in the regulation
of ferroptosis in various malignancies, and their results have
been experimentally validated and widely recognised in recent
studies [15, 18-20]. In addition, studies employing cutting-
edge technology have reported a vital role of IncRNAs in
various biological activities including differentiation, apoptosis,
metastasis, cell cycle, and proliferation in multiple cancers
[21, 22]. Coexpression analysis can help to screen for IncRNAs
that are coexpressed with known ferroptosis mRNAs and
further identify ferroptosis-related IncRNAs in malignancies
[23, 24]. Studies have shown that IncRNAs participate in mul-
tiple ferroptosis-related regulatory activities in various cancers.
The competing endogenous RNA LINC00336 inhibits ferrop-
tosis in cancer cells, thereby promoting the development and
deterioration of lung cancer [25]. In addition, LINC00618
enhances vincristine-induced ferroptosis and is a potential
prognostic factor for predicting the survival of patients with
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leukaemia [26]. Furthermore, studies have also discovered that
IncRNAs regulate tumour progression by affecting the immune
microenvironment [22, 27]. However, the role of ferroptosis-
related IncRNAs in the development of bladder cancer remains
elusive. This study is aimed at examining the prognostic role of
ferroptosis-related IncRNAs in bladder cancer; in addition, a
risk signature based on prognostic IncRNAs was established
to guide the currently available diagnostic and treatment strat-
egies of bladder cancer from a genetic perspective.

2. Materials and Methods

2.1. Extraction and Processing of Sequencing Data. The mRNA
and IncRNA sequencing data of 411 bladder cancer samples
were extracted from The Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov). Samples without clinical
information were excluded, and a total of 403 bladder cancer
samples with both transcriptomic and clinical information
were eventually included for further analysis. The 403 bladder
cancer samples were randomly divided into the training (203
samples) and validation (200 samples) cohorts for the con-
struction and validation of an IncRNA signature, respectively.

2.2. Identification of Ferroptosis-Related IncRNAs and
Prognostic IncRNAs. High-quality studies concerning ferrop-
tosis (impact factor of >10 points in the last 4 years) were
comprehensively reviewed, and a total of 60 ferroptosis-
related mRNAs were identified, which were listed in Supple-
mentary Table 1 [18-20, 28]. Pearson’s correlation analysis
(|R|>0.5and p < 0.001) of ferroptosis-related mRNAs and
IncRNAs was performed to identify ferroptosis-related
IncRNAs. Subsequently, univariate Cox regression analysis
was performed to identify ferroptosis-related IncRNAs
associated with prognosis (overall survival) (p <0.01).

2.3. Distinct Ferroptosis Mediation Patterns in Bladder Cancer.
Based on the expression of prognostic ferroptosis-related
IncRNAs, distinct ferroptosis mediation patterns were identi-
fied via consensus clustering using the “ConsensusCluster-
Plus” package of R software. The Euclidean distance was
calculated to assess similarity between samples, and the K-
means algorithm was used for clustering. Differences in
survival between distinct patterns were evaluated via
Kaplan-Meier survival analysis using the “survival” and “surv-
miner” packages. The potential relationship between distinct
ferroptosis mediation patterns and various clinical parameters
including age, sex, clinical stage, and tumour grade were inves-
tigated using the “pheatmap” package.

2.4. Construction and Validation of Ferroptosis-Related IncRNA
Signature. Based on the prognostic ferroptosis-related IncRNAs
identified via univariate Cox regression analysis, an IncRNA
risk signature was developed in the training cohort via the least
absolute shrinkage and selection operator (LASSO) analysis
using the “glmnet” package. Each ferroptosis mediation pat-
tern was quantified using the following formula: risk score =
X (ferroptosis — related IncRNA expression # corresponding
regression coefficient). All cancer samples in both training and
validation cohorts were divided into the high- or low-risk
groups based on the corresponding median risk score.
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Kaplan—-Meier analysis was performed to compare the survival
of patients in the high- and low-risk groups in both training
and validation cohorts. In addition, receiver operating charac-
teristic (ROC) analysis was performed to examine the perfor-
mance of risk scores in predicting survival outcomes at 1-5
years in both training and validation cohorts.

2.5. Independent Prognostic Analysis and Stratified Survival
Analysis of the Ferroptosis-Related IncRNA Risk Signature.
Univariate and multivariate Cox regression analyses were
performed to examine the independent prognostic role of
the ferroptosis-related IncRNA risk signature in the training
cohort and verify its role in the validation cohort. Further-
more, stratified survival analysis was performed to investi-
gate the predictive value of the risk signature in different
subgroups, including old (age, >65 years) or young (age,
<65 years) group, male or female group, stage I-II or stage
MI-1V group, T1-T2 or T3-T4 group, and NO or N1-3 stage
group. Differences in risk scores between these groups were
analysed using Student’s t-test.

2.6. Expression of Immune Checkpoints, Infiltration Analysis of
Immune Cells, and Gene Set Enrichment Analysis between
Distinct Ferroptosis Mediation Patterns. Differences in the
expression of classic immune checkpoints including PD-1,
PD-L1 and CTLA-4 between distinct ferroptosis mediation
patterns were investigated using the “limma,” “ggplot2” and
“ggpubr” packages in R. The CIBERSORT algorithm (https://
cibersort.stanford.edu/) was used to analyse the infiltration
levels of 22 types of immune cells in bladder cancer [29]. The
ESTIMATE algorithm was used to evaluate the immune cell
microenvironment scores of each bladder cancer sample [30].
Differences in the immune infiltration levels of 22 immune cell
types between distinct ferroptosis mediation patterns were
further examined. Gene set enrichment analysis (GSEA)
(version 4.0.4) was performed based on the whole transcripto-
mic profiles of bladder cancer samples to investigate potential
biological activities of distinct ferroptosis mediation patterns.

2.7. Guidance of the IncRNA Risk Signature for Immunotherapy.
Differences in the expression of immune checkpoints between
the high- and low-risk groups were examined using the
“limma” and “ggpubr” packages in R. The standard symbol
names of PD-L1, PD-1 and CTLA-4 were derived from the
NCBI website (https://www.ncbi.nlm.nih.gov/gene), which
were CD274, PDCD1, and CTLA-4, respectively. Additionally,
correlation analysis was performed to examine the relation-
ship between risk scores and infiltration levels of immune cells,
and the Tumour Immune Dysfunction and Exclusion (TIDE)
algorithm was used to evaluate the response of patients to
immunotherapy [31].

2.8. Cell Lines and Cell Culture. The biological functions of the
most significant IncRNA, AC006160.1, were examined via
in vitro experiments. Human cell lines SV-HUC-1 (CL-0222),
BIU-87 (CL-0035), HT-1376 (CL-0672), T24 (CL-0227), RT4
(CL-0431), RT-112 (CL-0682), 5637 (CL-0002), and UMUCS3
(CL-0463) were purchased from Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China). BIU-87, T24, RT4, RT-112,
and 5637 cells were cultured in the Roswell Park Memorial

Institute (RPMI)-1640 (Macgene, China) medium supple-
mented with 10% foetal bovine serum (FBS) (Gibco, MA,
USA). HT-1376 and UMUC3 cells were cultured in MEM
(Macgene, China) supplemented with 10% FBS (Gibco, MA,
USA). SV-HUC-1 cells were cultured in Ham’s F-12K medium
(Macgene, China) supplemented with 10% FBS (Gibco, MA,
USA). All cell lines were cultured at 37°C in a humidified incu-
bator containing 5% CO,.

2.9. Vector Construction. The IncRNA AC006160.1 was cloned
into the pcDNA3.1 vector at the Nhel and Kpnl sites to pro-
duce the pcDNA3.1-AC006160.1 plasmid. The primers used
for plasmid construction were as follows: forward, 5'-CTAG
CTAGCCACGTGACAGGACCGAGC-3'; reverse, 5-GGGG
TACCTCATCTTCCGATTTAAAATTTTTTTCCC-3'. Empty
pcDNA3.1 vector was used as the negative control. The
pcDNA3.1-AC006160.1 and negative control plasmids were
transfected into bladder cancer cells using the Lipo8000
Transfection Reagent (Beyotime Biotechnology, China)
according to the manufacturer’s instructions and cultured
in 6-well plates.

2.10. RNA Extraction and Reverse Transcription Polymerase
Chain Reaction. The TRIzol reagent (Invitrogen, USA) was
used to isolate total RNA from bladder cancer cells, and first-
strand complementary deoxyribonucleic acid (cDNA) was syn-
thesised using the Evo M-MLV RT Premix (Accurate Biology,
China). Quantitative polymerase chain reaction (qQPCR) was
performed using the Taq Pro Universal SYBR qPCR Master
Mix (Vazyme, China). All reactions were performed on the
iQ5 Real-Time PCR Thermal Cycler (Bio-Rad, USA). The spe-
cific qPCR primers used for detecting IncRNA AC006160.1
were as follows: forward, 5'-ATGCCTGGAGAGACTTTGG
C-3'; reverse, 5'-GCCTGTCTTGTTCCCGCTAT-3"; GAPDH
forward, 5'-GGTATCGTGGAAGGACTCATGAC-3'; reverse,
5'-ATGCCAGTGAGCTTCCCGTTCAG-3'.

2.11. Cell Proliferation Assay. Cell viability was measured
using the CCK-8 kit (Meilunbio, China). According to bioin-
formatic analysis and experimental results, AC006160.1 was
found to be significantly downregulated in bladder cancer
and served as a protective factor for cancer development.
Therefore, cell lines with low expression of AC006160.1 were
randomly selected to validate the biological functions of
AC006160.1. BIU-87 and T24 cells were selected as ideal
experimental cells. Briefly, BIU-87 or T24 cells were trans-
fected with the pcDNA3.1-AC006160.1 or negative control
plasmid for 24h, and the transfected cells were seeded in a
96-well plate at a density of 3 x 10° cells/well. The cells were
cultured for 1, 2, 3, 4, or 5 days, and 10uL of the CCK-8
reagent was added to each well. After 2h of incubation, absor-
bance was measured at 450 nm using a multimode microplate
reader (BioTek, USA). For drug sensitivity analysis, BIU-87
cells were transfected with the pcDNA3.1-AC006160.1 or neg-
ative control plasmid for 24 h, and the transfected cells were
seeded in a 96-well plate at a density of 3 x 10* cells/well and
incubated for 24 h. Thereafter, the cells were cultured with or
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FIGURE 1: Ferroptosis-related IncRNAs associated with the prognosis of bladder cancer. (a) Coexpression network of ferroptosis-related
mRNAs and IncRNAs. (b) The 20 prognostic ferroptosis-related IncRNAs identified via univariate Cox regression analysis. (c) The 20
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without 1-mM metformin (MET) for 72 h, and absorbance was
measured as mentioned above.

2.12. Colony Formation Assay. BIU-87 or T24 cells were trans-
fected with the pcDNA3.1-AC006160.1 or negative control
plasmid for 24 h, and approximately 2.0 x 10 transfected cells
were seeded in 6-well plates and incubated at 37°C in RPMI-
1640 medium supplemented with 10% FBS. After 14 days, cell
colonies were washed with phosphate-buffered saline (PBS),
fixed in methanol for 15min and stained with crystal violet
for 30 min. Subsequently, photographs were captured for eval-
uating colony formation. For drug sensitivity analysis, BIU-87
cells were transfected with the pcDNA3.1-AC006160.1 or neg-
ative control plasmid for 24 h, and approximately 2.0 x 10°
transfected cells were seeded in 6-well plates and incubated
for 24h at 37°C in RPMI-1640 medium supplemented with
10% FBS. Thereafter, the cells were cultured with or without
1-mM MET, and subsequent analysis was performed as men-
tioned above. The number of colonies formed was evaluated
using the Image] software.

2.13. Wound Healing Assay. Transfected BIU-87 and T24 cells
were seeded in a 12-well plate and cultured to complete con-
fluence. A clear wound was created by scratching the cell
monolayer with a 200 yL pipette tip. Thereafter, the cells were
cultured in a serum-free medium. At 0 h and 48 h, images were
captured with the aid of an optical microscope, and the wound
area was measured using the ImagePro software.

2.14. Transwell Migration Assay. Transfected BIU-87 and
T24 cells in 200 uL of serum-free medium were added to
the upper transwell chamber, whereas 600 4L of the medium
containing 10% FBS was added to the lower chamber. After
48h of incubation, cells in the upper chamber were removed
with a cotton swab, whereas those in the bottom chamber
were fixed with ethanol, stained with 0.1% crystal violet for
30min, and photographed. Thereafter, the number of
migrated cells was evaluated using the Image] software.

2.15. Drug Sensitivity Analysis. All bladder cancer samples
were divided into the high- and low-expression groups based
on the median expression of the target IncRNA AC006160.1.
Data from the Genomics of Drug Sensitivity in Cancer
(GDSC) database were used to perform drug sensitivity
analysis in both groups [32]. To validate the results of drug
sensitivity analysis, BIU-87 cells were transfected with the
pcDNA3.1-AC006160.1 or negative control plasmid for
24h, and the transfected cells were seeded in a 96-well plate
at a density of 3x10° cells/per well and incubated for
24h. Subsequently, the cells were cultured with or without
1-mM MET for 72h, and absorbance was measured as
mentioned in the section Cell proliferation assay. Further-
more, colony formation assay was performed as mentioned
earlier to validate the results of drug sensitivity analysis.
BIU-87 «cells were transfected with the pcDNA3.1-
AC006160.1 or negative control plasmid for 24h, and
approximately 2.0 x 10% transfected cells were seeded in 6-
well plates and incubated at 37°C in RPMI-1640 medium
supplemented with 10% FBS for 24 h. Thereafter, the cells

Oxidative Medicine and Cellular Longevity

TaBLE 1: The five ferroptosis-related IncRNAs included in the risk
signature.

IncRNA Coefhicient
AL136084.3 0.12
AL731567.1 -0.05
AC006160.1 -0.98
AC012568.1 0.25
AC034236.2 -0.35

were cultured with or without 1-mM MET, and subsequent
analysis was performed as mentioned above.

2.16. Statistical Analysis. The chi-squared test was used to
compare categorical variables, whereas the Student’s ¢-test or
Mann-Whitney U test was used to compare continuous vari-
ables. One-way ANOVA was used to compare data among >3
groups, and Kaplan—Meier analysis with the log-rank test was
used to compare survival. All statistical analyses were per-
formed using either the R or the SPSS Statistics software.

3. Results

3.1. Identification of Ferroptosis-Related IncRNAs in Bladder
Cancer Samples. The transcriptomic data of 411 bladder
cancer samples and 19 normal bladder samples were used to
screen for ferroptosis-related IncRNAs. The mRNAs and
IncRNAs were separated based on annotations in the GEN-
CODE database [33]. Pearson’s correlation analysis (|R| >
0.5andp < 0.001) were conducted between these ferroptosis-
related mRNAs and IncRNAs to identify ferroptosis-related
IncRNAs. A total of 263 ferroptosis-related IncRNAs were
identified via Pearson’s correlation analysis (Supplementary
Tables 2 and 3). The coexpression network of ferroptosis-
related mRNAs and IncRNAs is demonstrated in Figure 1(a).
Only 403 samples with available clinical information were
selected for analysing the relationship between the ferroptosis-
related IncRNAs and prognosis via univariate Cox regression
analysis (Supplementary Table 4). A total of 20 ferroptosis-
related IncRNAs were identified to be significantly
associated with the prognosis of bladder cancer, including
AP001160.1, THUMPD3-AS1, AC009065.5, AC087286.2,

RBMS3-AS3, AC005387.1, SH3RF3-AS1, ACO005785.1,
AL136084.3, AL731567.1, AC006160.1, AC012568.1,
HMGA2-AS1, AC025280.1, AC034236.2, AL031429.2,

AP003419.3, AC010618.2, SPAG5-AS1, and AL133415.1
(Figure 1(b)). The expression of these 20 prognostic
IncRNAs was found to be different between tumour and
healthy bladder tissues (p < 0.05) (Figure 1(c)). These results
verified the important role of ferroptosis-related IncRNAs in
the development of bladder cancer.

3.2. Distinct Ferroptosis Mediation Patterns Based on Prognostic
Ferroptosis-Related IncRNAs in Bladder Cancer. Based on the
20 prognostic ferroptosis-related IncRNAs, two ferroptosis
mediation patterns were identified via consensus clustering
using the “ConsensusClusterPlus” package in R (Figure 1(d)).
The results of cluster analysis for all bladder cancer samples
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F1Gure 2: Construction and validation of the ferroptosis-related IncRNA signature for predicting prognosis in the training and validation
cohorts. (a) LASSO coeflicients of the five ferroptosis-related IncRNAs used to construct the signature. (b) Ten-fold cross-validation for
tuning parameter selection in the LASSO model. (c) Kaplan-Meier survival curves of the high- and low-risk groups in the training
cohort. (d) Kaplan-Meier survival curves of the high- and low-risk groups in the validation cohort.

are shown in Supplementary Table 5. Kaplan-Meier survival
analysis (Figure 1(e)) revealed that survival outcomes were
significantly poorer in cluster 1 than in cluster 2 (p < 0.05).
Detailed clinical characteristics of bladder cancer samples are
mentioned in Supplementary Table 6, and the relationship
between the two ferroptosis mediation patterns and various
clinical parameters including age, sex, grade, and tumour
stage is demonstrated in Figure 1(f). Significant differences in
the tumour grade and age of patients were observed between
clusters 1 and 2.

3.3. Construction and Validation of a Ferroptosis-Related-
IncRNA Risk Signature. The 403 bladder cancer samples were

randomly divided into the training (203 samples) and valida-
tion (200 samples) cohorts to investigate the prognostic role
of ferroptosis-related IncRNAs. LASSO regression analysis
was performed to examine the 20 ferroptosis-related IncRNAs
associated with prognosis, and a risk signature including 5
IncRNAs was successfully constructed in the training cohort.
The five targeted IncRNAs are listed in Table 1. Figure 2(a)
demonstrates the LASSO coefficients of the five IncRNAs,
and Figure 2(b) demonstrates the 10-fold cross-validation of
the LASSO model, indicating that the selection of these five
IncRNAs is optimal for constructing the signature. All samples
were further divided into the high- and low-risk groups accord-
ing to the median risk score. The risk scores and grouping of the
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Ficure 3: ROC curve analysis of the relationship between the ferroptosis-related IncRNA signature and survival in both training and
validation cohorts. (a—e) ROC curves for predicting survival at 1-5 years in the training cohort. (f-]) ROC curves for predicting survival

at 1-5 years in the validation cohort.

training and validation cohorts are shown in Supplementary
Tables 7 and 8, respectively. Survival outcomes were
significantly poorer in the high-risk group than in the low-risk
group in both training (p < 0.001) (Figure 2(c)) and validation
(p =0.006) (Figure 2(d)) cohorts. To verify the predictive role
of the risk signature, ROC analysis was performed to compare
survival outcomes at 1-5 years in the training and validation
cohorts. The area under the ROC curve (AUC) for predicting
1-, 2-, 3-, 4-, and 5-year survival in the training cohort was
0.710, 0.710, 0.739, 0.750, and 0.793, respectively. These
results demonstrated promising performance of the risk
signature in predicting the survival of patients with bladder
cancer (Figures 3(a)-3(e)). As shown in Figures 3(f)-3(j), the
risk signature showed excellent predictive performance in the
validation cohort. These results indicate that the identified
ferroptosis-related IncRNAs can be used to predict survival
outcomes in bladder cancer.

3.4. Independent Predictive Role of the Ferroptosis-Related
IncRNA Signature. The distribution of risk scores in the
training cohort is demonstrated in Figure 4(a), and the cor-

responding survival status is demonstrated in Figure 4(c). In
both training and validation cohorts, the death rate is signif-
icantly higher in the high-risk group than in the low-risk
group (Figures 4(b) and 4(d)). Heatmaps (Figures 4(e) and
4(f)) are plotted to demonstrate the expression of the five
target IncRNAs in the high- and low-risk groups. Univariate
and multivariate cox regression analyses are performed in
both training and validation cohorts to investigate the inde-
pendent predictive role of the IncRNA signature. As shown
in Figures 5(a) and 5(b), the risk score (p <0.001), stage
(p <0.001), and age (p < 0.001) are identified as independent
risk factors for survival in the validation cohort. As shown in
Figures 5(c) and 5(d), the risk score (p <0.001) and stage
(p<0.001) are identified as independent risk factors for
overall survival in the training cohort. These results demon-
strate that the IncRNA risk signature established in this
study can independently predict survival outcomes.

3.5. Prognostic Role of the IncRNA Signature in Different
Subgroups. An excellent prognostic tool in clinical practice
should have consistent predictive performance in different
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FIGURE 4: Distribution of risk scores and survival outcomes in both training and validation cohorts. (a) Distribution of risk scores in the
training cohort. (b) Distribution of risk scores in the validation cohort. (c) Survival outcomes in the training cohort. (d) Survival
outcomes in the validation cohort. (e) Heatmap demonstrating the expression of the five target IncRNAs in the training cohort.
(f) Heatmap demonstrating the expression of the five target IncRNAs in the validation cohort.

subgroups. As shown in Figure 6, the 5-IncRNA risk signature
was significantly associated with prognosis in the old
(age > 65 years) (p<0.001), male (p<0.001), female (p=
0.014), stage I-1I (p = 0.007), stage III-IV (p < 0.001), T1-T2
(p=0.022), T3-T4 (p<0.001), and NO stage (p<0.001)
groups. However, the IncRNA risk signature was not associated
with prognosis among patients aged <65 years, suggesting that
the prognosis of younger patients may be influenced by various
other mechanisms underlying the development of bladder can-
cer. Furthermore, the subgroup analysis verified that the
IncRNA risk signature can serve as a biomarker to predict sur-
vival outcomes in bladder cancer. As shown in Figure 7(a), the

risk signature was significantly correlated with the ferroptosis
mediation patterns (p < 0.001), immune scores (p < 0.001),
clinical stages (p <0.001), and tumour grades (p < 0.01). In
addition, elderly patients, patients with advanced-stage disease,
and those with advanced T- or N-grade disease had higher risk
scores (Figures 7(b)-7(f)). These results indicate that the
IncRNA risk signature reflects various clinical characteristics
from a genetic or molecular perspective, which should be
turther investigated in future studies.

3.6. Infiltration Abundance of Immune Checkpoints and
Immune Cells in Clusters 1 and 2. The expression of PD-1
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F1GURE 5: The IncRNA risk signature was identified as an independent prognostic factor in both training and validation cohorts. (a) Univariate
Cox regression analysis in the validation cohort. (b) Multivariate Cox regression analysis in the validation cohort. (c) Univariate Cox regression
analysis in the training cohort. (d) Multivariate Cox regression analysis in the training cohort.

(p <0.001), PD-L1 (p <0.001), and CTLA-4 (p <0.001) was
significantly higher in cluster 1 than in cluster 2 (Figures 8(a)-
8(c)). Higher expression of these immune checkpoints was
associated with poorer survival outcomes in cluster 1. As shown
in Figure 8(d), PD-1 expression was positively correlated with
AL136084.3 and negatively correlated with AC005785.1,
AL731567.1 and AC010618.2. As shown in Figure 8(e), PD-L1
expression was positively correlated with AC006160.1 and neg-
atively correlated with AC009065.5, AC005387.1, AL731567.1,
AC034236.2, AP003419.3, and AC010618.2. As shown in
Figure 8(f), CTLA-4 expression was significantly correlated with
various ferroptosis-related IncRNAs. Furthermore, based on the
cellular biomarkers of immune cells shown in Supplementary
Table 9, the infiltration levels of 22 types of immune cells were

calculated using the CIBERSORT algorithm (Supplementary
Table 10). The ESTIMATE scores of each sample are shown
in Supplementary Table 11, and the relationship between the
infiltration of 22 types of immune cells and ferroptosis
mediation patterns is demonstrated in Figure 8(g). As shown
in box plots in Figures 8(h)-8(I), cluster 1 had lower
infiltration levels of naive B cells (p=0.006), activated
dendritic cells (p = 0.015), follicular helper T cells (p = 0.015),
and Tregs (p=0.003) and higher infiltration levels of M2
macrophages. These results indicate that poorer survival
outcomes observed in cluster 1 may be associated with the
tumour immune microenvironment of bladder cancer.
Furthermore, GSEA was performed to investigate mechanisms
underlying poorer survival outcomes in cluster 1. The results
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F1GURE 6: The IncRNA signature showed excellent performance in predicting survival in different subgroups. (a, b) Age (age, >65 or <65 years).
(¢, d) Sex (female or male). (e, f) Lymphatic invasion (no or yes). (g, h) Tumour stage (I-II or ITI-IV). (i, j) Clinical T stage (T1-T2 or T3-T4).

revealed that the toll-like receptor signalling pathway, T-
cell receptor signalling pathway, regulation of the actin
cytoskeleton, cytokine and cytokine-receptor interaction, and
chemokine signalling pathway were significantly enriched in
cluster 1 (p <0.01) (Supplementary Figure 1). These results
indicate that ferroptosis-related IncRNAs play a regulatory role
through these pathways during the development of bladder

cancer.

3.7. Guidance of Immunotherapy for Bladder Cancer Based on
the IncRNA Signature. The expression of PD-1 (p < 0.001),
PD-L1 (p<0.001), and CTLA-4 (p <0.001) (Figures 9(a)-
9(c)) was higher in the high-risk group, which indicated the
potential role of the IncRNA signature in immunotherapy.
Therefore, the correlation between risk scores and immune
cell infiltration was further investigated. As shown in
Figures 9(d)-9(n), risk scores were significantly correlated

with the infiltration levels of naive B cells, eosinophils, M0
macrophages, M2 macrophages, CD4 memory resting T cells,
CD8 T cells, follicular helper T cells, Tregs, activated mast
cells, neutrophils, and plasma cells. Furthermore, the
response of patients to immunotherapy was evaluated using
the TIDE algorithm (Supplementary Table 12). As shown in
Figures 9(o) and 9(p), patients with high risk scores posed a
better response to immunotherapy (p <0.001). With the
rapid development of sequencing technology, the IncRNA
risk signature established in this study can be used to
guide immunotherapy for bladder cancer in the future.

3.8. IncRNA AC006160.1 Inhibited the Proliferation and
Migration of Bladder Cancer Cells. Because the IncRNA
AC006160.1 had the highest correlation with the risk signa-
ture, it was selected for further analysis. The qRT-PCR indi-
cated that AC006160.1 expression was lower in the bladder
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FiGure 7: Correlation between the IncRNA risk signature and clinicopathological features. (a) Heatmap demonstrating the correlation
between risk scores and clinicopathological features. (b) Differences in risk scores between patients aged >65 years and those aged <65
years. (c) Differences in risk scores between female and male patients. (d) Differences in risk scores between patients with stage I-II
disease and those with stage III-IV disease. (e) Differences in risk scores between patients with T1-T2-stage disease and those with T3-
T4-stage disease. (f) Differences in risk scores between patients with and without lymphatic invasion (*p < 0.05; **p <0.01; ***p < 0.001).

cancer cell lines BIU-87, T24, RT4, RT-112, and 5637 than
in the normal human uroepithelial cell line SV-HUC-1
(Figure 10(a)). Furthermore, CCK-8 assay was performed
to examine the influence of AC006160.1 on the viability of
bladder cancer cells. AC006160.1 expression was lower in
T24 and BIU-87 cells than in the other bladder cancer cell
lines; therefore, these two cell lines were used for examining
the biological functions of AC006160.1. A plasmid overex-
pressing AC006160.1 was constructed, and the results of
qPCR verified that transfection with this plasmid increased
ACO006160.1 expression by approximately 15- and 5-fold in
T24 and BIU-87 cells, respectively (Figure 10(b)). CCK8
assay revealed that AC006160.1 overexpression significantly
suppressed the proliferation of T24 and BIU-87 cells
(Figure 10(c)). Furthermore, the influence of AC006160.1 on
colony formation was examined. As shown in Figure 10(d),
AC006160.1 overexpression decreased the number of colonies
of both T24 and BIU-87 cells compared with the control group
(Figure 10(e)). Transwell (Figures 10(f) and 10(g)) and wound
healing (Figures 10(h) and 10(I)) assays revealed that
AC006160.1 overexpression significantly inhibited the migra-
tion of T24 and BIU-87 cells. Altogether, these results indicate
that the ferroptosis-related IncRNA AC006160.1 suppresses
the viability of bladder cancer cells, which is consistent with
the results of bioinformatic analysis.

3.9. Drug Sensitivity Analysis. As shown in Figure 11(a), drug
sensitivity analysis based on IC50 values revealed that patients
with low expression of AC006160.1 were sensitive to most
anticancer drugs. However, compared with patients with low

expression of AC006160.1, those with high expression of
AC006160.1 were more sensitive to MET and methotrexate
(p <0.01) (Figure 11(b)). Furthermore, in vitro drug sensitiv-
ity analysis was performed to examine whether AC006160.1
could enhance MET sensitivity in BIU-87 cells. AC006160.1
overexpression combined with MET treatment decreased the
number of BIU-87 colonies (Figure 11(c)). In addition,
CCKS8 assay revealed that AC006160.1 overexpression com-
bined with MET treatment significantly suppressed the prolif-
eration of BIU-87 cells (Figure 11(d)). These results indicate
that AC006160.1 may enhance drug sensitivity in the treat-
ment of bladder cancer.

4. Discussion

Bladder cancer is one of the most malignant tumours. Accord-
ing to recent statistical data, >500,000 new cases of bladder can-
cer are reported annually worldwide [34]. Bladder cancer is
classified as non-muscle-invasive and muscle-invasive bladder
cancer, and its metastasis depends on its clinical characteristics.
The currently available diagnostic strategies for bladder cancer
include urine cytology and cystoscopy, which are invasive and
can lead to many complications in patients [35]. Transurethral
resection of tumours combined with intravesical perfusion ther-
apy is recommended for non-muscle-invasive cancer, whereas
radical cystectomy is recommended for muscle-invasive cancer.
In addition, cisplatin-based chemotherapy is recommended
for patients with advanced cancer with metastasis [36]. For
chemotherapy-resistant tumours, immune checkpoint inhibi-
tor (ICI) therapy is recommended in clinical settings [37].
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FiGure 8: Correlation of ferroptosis-related IncRNAs with immune checkpoints and immune microenvironment in bladder cancer.
(a—c) Differences in the expression of PD-1, PD-LI, and CTLA-4 between clusters 1 and 2. (d-f) Correlation between the expression of
PD-1, PD-L1, and CTLA-4 and the 20 prognostic IncRNAs. (g) Infiltration of 22 types of immune cells in clusters 1 and 2. (h-1) The two
clusters had significantly different infiltration levels of various immune cells including naive B cells, activated dendritic cells, M2
macrophages, follicular helper T cells, and Tregs (*p < 0.05; **p <0.01; ***p < 0.001).

However, owing to the irregular expression of various
immune checkpoints and heterogeneity of genetic mutations,
chemotherapy or ICI therapy has limited benefits in only a
small number of patients. Moreover, because mechanisms
underlying the development of bladder cancer remain
unclear, limited progress has been achieved in the develop-
ment of relative treatment strategies for bladder cancer dur-
ing the past decade. Furthermore, bladder cancer has a high
genetic mutation burden, and cancers with a high mutation
burden such as lung cancer and melanoma may benefit the
most from ICI therapy if robust biomarkers are discovered
for clinical application [38-40]. However, the rapid develop-
ment of next-generation sequencing and large-scale gene
expression tools may help to improve the treatment of can-
cer in the future. The next-generation sequencing can pro-
vide vital genetic information for improving the diagnosis
of bladder cancer and distinguishing treatment responses.
Whole-transcriptome matrix information can also help to
discover distinct molecular subtypes of bladder cancer with
different mechanisms and molecular characteristics [6, 41].
In addition, establishing valuable risk signatures for predicting
survival outcomes and response to ICI therapy can greatly
improve therapeutic efficacy among patients with bladder
cancer. Identifying patients who are sensitive to ICIs or chemo-
therapeutic agents can significantly improve the guidance of
targeted therapy and increase the therapeutic benefits, especially
among patients with advanced cancer. In addition, it can help to
avoid unnecessary ICI or chemotherapy toxicity and potential
delay in radical cystectomy for patients with treatment resis-
tance. In a previous study, we reported that ferroptosis-related
genes identified using sequencing data played a vital role in pre-
dicting the clinical information of bladder cancer samples [42].
In this study, we investigated the potential role of ferroptosis-
related IncRNAs in bladder cancer and successfully constructed
a risk signature based on five ferroptosis-related IncRNAs to

predict survival outcomes, the tumour microenvironment,
and the response of patients with bladder cancer to ICI therapy.
In addition, the IncRNA AC006160.1 was identified as a protec-
tive factor for the development of bladder cancer.

Univariate cox regression analysis was used to construct a
risk signature based on 20 prognostic ferroptosis-related
IncRNAs, which were differentially expressed between tumour
and healthy bladder tissues (Figure 1(c)). Significant differences
in expression indicated the potential role of these IncRNAs in
the development of bladder cancer. These prognostic IncRNAs
were further used to divide samples into two groups with differ-
ent survival outcomes. However, differences in only the tumour
grade and age of patients were observed between clusters 1 and
2, which indicated that more accurate scoring methods are
required for prognostic analysis. Therefore, a prognostic risk
signature was constructed based on LASSO regression analysis,
and the risk scores were found to have a significant relationship
with various clinical parameters, including survival outcomes,
immune microenvironment, ferroptosis clusters, age, clinical
stages and tumour grades (Figure 7). The predictive ability of
the IncRNA-based risk signature was validated in different clin-
ical groups via subgroup analysis. The risk signature can be
used as a novel tool for the treatment of bladder cancer in the
future, especially considering the wide development and popu-
larisation of whole-transcriptome sequencing technology.

The risk signature comprised five ferroptosis-related
IncRNAs, namely, AC006160.1, AL136084.3, AL731567.1,
AC012568.1, and AC034236.2. AL136084.3, has been identi-
fied as a risk factor for tumour invasiveness and resistance
[43, 44]. To the best of our knowledge, no study has reported
on the other four IncRNAs to date. In this study, AC006160.1
was found to have the highest coefficient in the risk signature
and was hence analysed as the most important IncRNA.
AC006160.1 overexpression significantly suppressed the viabil-
ity of bladder cancer cells, indicating that AC006160.1 plays a
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FIGURE 9: The IncRNA risk signature plays a vital role in predicting the response of patients to immunotherapy. (a—c) The high-risk group
had significantly higher expression of various immune checkpoints including PD-1, PD-L1, and CTLA-4. (d-n) Risk scores were
significantly correlated with the infiltration of 11 types of immune cells, including naive B cells, eosinophils, MO macrophages, M2
macrophages, CD4 memory resting T cells, CD8 T cells, follicular helper T cells, Tregs, activated mast cells, neutrophils, and plasma
cells. (o, p) As evaluated using the TIDE algorithm, high risk scores indicated a response to immunotherapy.

protective role by inhibiting the proliferation and invasion abil-
ities of tumour cells. Therefore, examining the underlying reg-
ulatory mechanisms of AC006160.1 may help to identify novel
therapeutic targets for bladder cancer. Previous studies have
demonstrated the vital role of IncRNAs in tumour develop-

ment and treatment. For example, IncRNAs can influence
tumour invasiveness and resistance through the miR-302a-
3p/AKT axis, miR-124-3p/MCP-1 pathway, or miR-132-3p/
USP22 pathway [45, 46]. In addition, studies have reported
the involvement of the WNT signalling pathway and CeRNAs
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FiGure 10: The IncRNA AC006160.1 suppresses the viability of bladder cancer cells. (a) Expression of AC006160.1 in bladder cancer cell
lines and SV-HUC-1 cells was measured via QRT-PCR and normalised to GAPDH expression. (b) T24 and BIU-87 cells were transfected
with the pcDNA3.1-AC006160.1 or negative control plasmid for 24 h, and the relative expression of AC006160.1 was measured via qRT-
PCR and normalised to GAPDH expression. (c) T24 and BIU-87 cells were transfected with the pcDNA3.1-AC006160.1 or negative
control plasmid, and cell proliferation was examined via the CCK8 assay. (d, e) Colony formation assay was performed to detect the
proliferation of cells transfected with the indicated vectors. (f, g) The migration ability of T24 and BIU-87 cells transfected with the
pcDNA3.1-AC006160.1 or negative control plasmid was measured via transwell assay. (h, i) The migration ability of cells transfected
with the pcDNA3.1-AC006160.1 or negative control plasmid was detected via wound healing assay. All experiments were performed in
triplicate. All data are expressed as the mean + standard deviation (SD) (*p < 0.05, **p < 0.01, and***p < 0.001 versus the control group).

in regulatory mechanisms of IncRNAs in malignant tumours
[47, 48]. Moreover, studies employing whole-transcriptome
sequencing have broadened the horizon for cancer treatment.

In this study, the independent prognostic role of the
ferroptosis-related-IncRNA risk signature was validated in
both training and validation cohorts. The ability of the risk
signature to predict survival outcomes was better than that
of various clinicopathological parameters including age,

sex, tumour stages, and grades. However, in the training
cohort, 6 samples had a low grade, of which 5 were included
in the low-risk group, Therefore, “grade” was excluded from
multivariate Cox regression analysis to avoid statistical bias.
The risk scores were used to evaluate bladder cancer samples
at the transcriptomic (IncRNA) level and were theoretically
more accurate than the currently used clinical parameters.
Elderly patients, patients with advanced-stage disease, and
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were performed in triplicate. All data are expressed as the mean + standard deviation (SD) (*p < 0.05, **p < 0.01, ***p < 0.001 versus the

control group).

those with higher T or N grades had higher risk scores,
indicating that the risk signature can reflect various clinical
characteristics from a genetic or molecular perspective.
Therefore, the IncRNA risk signature has valuable applica-
tion prospects for the treatment of bladder cancer.
Furthermore, the relationship between the immune
microenvironment and the two ferroptosis mediation pat-
terns was examined. Cluster 1 had lower infiltration of naive
B cells, activated dendritic cells, and follicular helper T cells,
which are responsible for activation of the immune system
[5]. However, cluster 1 had higher infiltration of M2 macro-
phages, which are responsible for immune suppression [49].
These results were consistent with the significantly poorer
survival outcomes of cluster 1. Bladder, skin and lung can-
cers are classical malignancies with a high mutation burden
[50, 51]. Patients with such malignancies can potentially
benefit from immunotherapy, which is closely associated with
the tumour immune microenvironment. Therefore, this study
mainly focused on the relationship among the risk signature,
expression of immune checkpoints, and immune microenvi-
ronment of bladder cancer. Both cluster 1 (Figure 8) and
high-risk group (Figure 9) had significantly higher expression
of PD-1, PD-LI, and CTLA-4. Higher expression of these
immune checkpoints in cluster 1 or the high-risk group might
have led to poorer survival outcomes. Furthermore, PD-1
expression was positively correlated with AL136084.3 and
negatively correlated with AC005785.1, AL731567.1, and
AC010618.2. Similarly, various ferroptosis-related IncRNAs
were significantly correlated with the expression of PD-LI

and CTLA-4. Cluster analysis revealed that the prognostic
IncRNAs were significantly associated with the infiltration of
various immune cells. These results indicate that ferroptosis-
related IncRNAs not only regulate the malignant phenotype
of bladder cancer through genetic alterations but also play a
vital role in remodelling the tumour immune microenviron-
ment of bladder cancer. Furthermore, the toll-like receptor
signalling pathway, T-cell receptor signalling pathway, regula-
tion of the actin cytoskeleton, cytokine and cytokine-receptor
interaction, and chemokine signalling pathway were signifi-
cantly enriched in cluster 1, indicating that ferroptosis-
related IncRNAs may play a regulatory role in the develop-
ment of bladder cancer through these biological pathways.
Investigating the role of IncRNAs in these biological pathways
may provide novel insights into the treatment of bladder can-
cer. The risk signature established in this study can be used to
examine ferroptosis mediation patterns. The risk scores were
significantly correlated with the infiltration of naive B cells,
eosinophils, MO macrophages, M2 macrophages, CD4 mem-
ory resting T cells, CD8 T cells, follicular helper T cells, Tregs,
activated mast cells, neutrophils, and plasma cells, which indi-
cated that the risk signature can be used to guide immunother-
apy. In addition, the risk signature can be used to predict the
response of patients to immunotherapy. Previous studies have
demonstrated that malignant and immune cells coexist in the
tumour microenvironment and react with each other to pro-
mote tumour growth and progression [52, 53]. However, the
role of immune cells in tumour development remains elusive.
The ferroptosis-related IncRNAs identified in this study may
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help to examine the relationship between immune cells and
tumour progression. In conclusion, a novel IncRNA-based risk
signature was constructed to predict survival outcomes, clinical
stages, tumour grades, immune cell infiltration, immune check-
point expression, and immunotherapeutic responses in bladder
cancer samples. In addition, the IncRNA AC006160.1 was iden-
tified as a protective factor for the progression of bladder cancer
in vitro.

However, this study has several limitations. First, all ana-
lysed IncRNA-sequencing data were extracted from public
databases; therefore, large-scale sequencing studies in multi-
centre institutions are required to validate the IncRNA-
based risk signature established in this study. Second, the
TIDE algorithm was used to evaluate the potential response
to immunotherapy; however, prospective clinical trials con-
cerning different immunotherapeutic strategies should be
conducted for bladder cancer with varying risk factors. In
addition, the regulatory role of AC006160.1 in the progres-
sion of bladder cancer and the underlying mechanisms
should be investigated in future studies.

5. Conclusion

Ferroptosis-related IncRNAs can accurately predict survival
outcomes, clinical stages, tumour grades, immune cell infiltra-
tion, immune checkpoint expression, and immunotherapeutic
responses in bladder cancer. The IncRNA AC006160.1 may
serve as a protective factor for the progression of bladder cancer.
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