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Background: Clear cell renal cell carcinoma (ccRCC) is the most aggressive subtype of renal cell carcinoma. Ferroptosis is an iron-
dependent programmed cell death. Long non-coding RNAs (lncRNAs) emerge as a critical role in regulating cancer progression.
Objective: This study aimed to identify molecular regulation of ferroptosis-related lncRNAs (FRLs) in ccRCC.
Methods: The prognostic value of FRLs was investigated in ccRCC samples downloaded from The Cancer Genome Atlas (TCGA)
and Gene Expression Omnibus (GEO) dataset. The FRLs were screened out by Pearson correlation test. The 465 FRLs confirmed as
potential prognostic factors through univariate Cox regression analysis were entered into Lasso and multivariate Cox regression to
build a FRLs prognostic signature. A risk score based on the prognostic model divided ccRCC patients into low- and high-risk groups.
A prognostic nomogram, derived from the prognostic signature and integrating clinical characteristics, was constructed. Gene set
enrichment analysis (GSEA) revealed the immune- and tumor-associated pathways. Two distinct clusters were identified with different
immune signatures through consensus clustering analysis. The prognostic value of some hub FRLs was externally validated via three
GEO datasets (GSE46699, GSE53757 and GSE66272) and online databases. Finally, the three FRLs (LINC00460, LINC00941 and
LINC02027) were verified through in vitro experiments.
Results: The FRLs prognostic signature, including 7 independent prognostic lncRNAs, exhibited good accuracy in predicting overall
survival (OS) of ccRCC patients. This signature was correlated with immune infiltration and immune checkpoint blockade (ICB). We
correlated two distinct clusters with immune infiltration signature of ccRCC. The worse prognosis of cluster 2 was probably mediated
by immune evasion. We also found that the expression levels of LINC00460 and LINC00941 in ccRCC cell lines were higher than
those in HK-2 cells, but LINC02027 showed the inverse trend.
Conclusion: Collectively, our study demonstrated a FRLs prognostic signature which had great clinical value in prognosis assessment.
Keywords: clear cell renal cell carcinoma, ferroptosis, long non-coding RNA, immune microenvironment, prognostic signature

Introduction
Clear cell renal cell carcinoma (ccRCC) is the most fatal cancer in genitourinary system and accounts for approximately
80% of renal cell carcinomas.1 Patients with ccRCC are generally characterized by a poor response to radiotherapy and
chemotherapy.2 Despite immune checkpoint inhibitors (ICIs) having made a considerable breakthrough in ccRCC,3 their
treatment efficacy varies significantly across individuals. To enhance clinical efficacy and alleviate symptoms of cases, it
is urgent to elucidate the underlying molecular mechanisms and facilitate prediction of ccRCC prognosis.

The research of tumor ferroptosis has seen a rapid increase during the past decades. Ferroptosis is a form of cell
death with a reliance on ferrous iron and featured by intracellular aggregation of reactive oxygen species (ROS),4 which
is distinguished from apoptosis and autophagy.5 Dysregulated iron metabolism is a hazard factor for tumors and as well
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facilitates tumor progression.6 As tumor cells typically have greater iron needs to sustain abnormal metabolism and
aberrant proliferation, tumor tissues are over-reliance on iron for proliferation.7,8 Recent studies indicate that induction
of ferroptosis has appeared to be a promising therapeutic strategy, in particular, applicable for malignant tumors with the
development of resistance in conventional treatments.9 More importantly, there has been a great deal of work that
devoted to exploring the role of ferroptosis in ccRCC.10,11 In fact, regulation of ferroptosis pathways may overcome or
prevent drug resistance to the existing chemotherapeutic agents, opening a novel insight for cancer treatment. On the
other hand, long non-coding RNAs (lncRNAs) are a class of functional RNA and >200 nucleotides in length which can
regulate gene expression at both the transcriptional and post-transcriptional levels even if they do not have protein-
coding function.12 As is well known, dysregulated expression of lncRNA has been implicated in solid tumor progres-
sion, metastasis, and poor clinical outcomes.13 Moreover, dysregulated lncRNAs have been recognized to serve
a critical role in the pathogenicity of urinary system tumors.14 Furthermore, there has been a few bioinformatic research
indicating that dysregulation of ferroptosis on lncRNAs facilitates the progression of multiple cancers, such as
hepatocellular carcinoma,15 colon cancer16 and head and neck squamous cell carcinoma.17 However, the effect of
ferroptosis on the dysregulation of lncRNAs in human cancers is still poorly characterized. In particular, the impact of
ferroptosis on lncRNA-dependent ccRCC progression has also been scarcely studied. Hence, a detailed understanding of
ferroptosis-related lncRNAs (FRLs) involved in ccRCC might be beneficial to identify novel diagnostic and prognostic
biomarkers.

In addition to the insufficient understanding of FRLs, the potential role of ferroptosis in tumor immune signatures also
remained less studied. Currently, ferroptosis has been demonstrated to serve an essential role in regulating immune
responses, exerting anti-cancer effects.18 Just recently, Yang et al elucidated that a regulation based on ROS-ferroptosis-
glycolysis could enhance tumor chemo-immunotherapy by inducing immunogenic cell death (ICD) and releasing tumor
antigens to trigger antitumor immunity.19 Meanwhile, lncRNAs have been verified to exert regulatory functions in tumor
immune microenvironment, including but not restricted to immune cell activation and infiltration.20 Therefore,
a comprehensive analysis of immune signature associated with FRLs might be useful in guiding immunotherapy
decision-making.

In this study, using a bioinformatics approach, we determined the prognostic significance of FRLs and investigated
their associations with immune signatures in ccRCC patients based on The Cancer Genome Atlas (TCGA) database. Our
results suggested that 7 FRLs were screened out as independent prognostic factors. Furthermore, we established a FRLs
prognostic signature including 7 lncRNAs, as noted above, and it could effectively predict the overall survival (OS) of
ccRCC patients. In addition, the risk score was calculated for each patient incorporating all the FRLs in the prognostic
model, and ccRCC patients were classified into low- and high-risk groups according to the selected cut-off value: median
risk scores. We then figured out that there was substantial variation between low- and high-risk groups in prognostic and
clinical characteristics. Furthermore, an accurate nomogram was generated to visually predict the 1-, 3, and 5-year OS in
patients with ccRCC. Finally, we correlated FRLs prognostic signature with the immune phenotype, which could be
regarded as potential clinical prognostic indicators and exploitable as immune therapeutic targets for ccRCC patients.

Materials and Methods
Datasets and Ferroptosis-Related Genes
Expression profiles of the ccRCC were obtained from TCGA-GDC (https://portal.gdc.cancer.gov/) database. We selected
HTseq-FPKM files of 611 samples, including 539 tumor samples and 72 normal samples. We also retrieved data of
corresponding 537 ccRCC patients from TCGA cohort (henceforth referred to as TCGA-KIRC) with clinicopathological
information and survival in an analogous manner. From the Gene Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo/), three ccRCC datasets GSE46699,21 GSE5375722 and GSE6627223) were selected for bioinformatics
analysis. Additionally, the ferroptosis-related genes (FRGs) were collected from FerrDb (http://www.zhounan.org/ferrdb
),24 a web-based platform that provided a comprehensive and most up-to-date database about ferroptosis markers,
regulators and associated diseases. Ultimately, we identified 382 (driver: 150; suppressor: 109; marker: 123) FRGs.
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Annotation of lncRNAs and Identification of Ferroptosis-Related lncRNAs
The data annotation of human lncRNAs was retrieved from the GENCODE.25 For further analysis, annotation of the
lncRNAs was conducted. As a result, 14,056 lncRNAs were identified in TCGA-KIRC. We performed the “limma”
package to calculate the correlation between the expression of FRGs and lncRNAs. The threshold was set as the
correlation coefficient > 0.5 and P-value < 0.001. Then we identified 2179 FRLs based screening methods as described
above. The “limma” package was also used to evaluate differentially expressed lncRNAs (DELs) between normal and
tumor groups,26 with a false discovery rate (FDR) <0.05.

Molecular Mechanism and Immune Infiltrate Analysis
Functional enrichment analysis was performed with GO and KEGG to explore the main biological attributes. We
analyzed the functions of ferroptosis-related DELs by GO and KEGG with “clusterProfiler” package (FDR < 0.05). In
order to calculate the relative proportions of tumor-infiltrating immune cells between the two clusters in 530 TCGA-
KIRC patients, the CIBERSORT algorithm was adopted through the R software package “CIBERSORT”,27 with the
LM22 signature matrix containing 22 immune cell subtypes. Meanwhile, p < 0.05 was taken as cut-off value for
significance which was eligible for further analysis and validation. The Wilcoxon rank-sum test was conducted to
determine the significant difference in distributions of immune cells infiltration among the two clusters. Violin plots were
also created with the R software package “vioplot” to visualize the different relative abundance of tumor-infiltrating
immune cells. The estimated score, immune score, and stromal score of all the patients were subsequently calculated
through ESTIMATE algorithm.28 In the meantime, the TIMER,29 CIBERSORT,27 QuanTIseq,30 MCPcounter,31 xCell32

and Epic algorithms were conducted to estimate cellular components or immune responses between high- and low-risk
groups based on FRLs prognostic signature. The differences in immune response through different algorithms were
visualized using a heatmap. Additionally, single-sample gene set enrichment analysis (ssGSEA) was used to quantify the
tumor-infiltrating immune cell subgroups between the two groups as well as assess their immune function. Potential
immune checkpoints were also derived from previous literature.

Ferroptosis-Related lncRNAs Prognostic Significance Construction
The clinicopathological data, including gender, age, TNM classification, Grade, Stage, survival time and survival status
were also collected from TCGA. Firstly, univariate Cox regression analysis was performed to filtrate the FRLs, which
were prognosis-related in ccRCC (p < 0.01). Then, multivariable Cox regression analysis was executed to establish
a prognostic model by incorporating all the independent predictors identified through the Lasso regression model (p <
0.05), The risk coefficient of each gene was also calculated with “glmnet” package in R after eliminating the genes
bearing the risk of overfitting, according to the following formula:

riskscore ¼ ∑
n

i¼1
coefficient ið Þ � expression ið Þ:

In addition, with the median risk score serving as a cut-off point, the ccRCC patients were assigned as having the higher
risk value (≥50%) or the lower risk value (<50%) into low- and high-risk groups. The receiver operating characteristic
(ROC) curve was established to evaluate the predictive value of the constructed prognostic model through the “survival
ROC” R package. Prognostic analysis was performed through the R package “survival”; meantime, “survplot” R package
was utilized to generate Kaplan-Meier plots with the Log rank test. In order to prove that the FRLs prognostic model was
independent of other clinicopathological factors, univariate Cox regression, Lasso regression and multivariate Cox
regression analysis were executed successively again and subsequently constructed the nomogram based on them. The
nomogram-predicted probabilities against the actual observed outcome were further assessed by generating the calibra-
tion curve. For a more intuitive visualization of the difference in FRLs expression levels between high- and low-risk
groups as well as the clinicopathological indexes, the heatmap was generated utilizing the R package “pheatmap”.
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Consensus Clustering of Ferroptosis-Related lncRNAs
Consensus clustering, a resampling-based methodology, is universally applied for clustering the gene expression profile
and evaluating the stability of the identified clusters. Based on the expression consensus of 7 FRLs recognized ahead, the
ccRCC patients were subdivided into two subgroups by adopting the optimal k-means clustering. Cluster analysis was
carried out utilizing the R package ‘ ConsensusClusterPlus’ with repeated computation 1000 times, by which stability
and reliability of outcome could be ensured.33

Cell Culture and Treatment
Renal clear cell carcinoma cell lines (786-O, Caki-1, ACHN and OS-RC-2) as well as human renal proximal tubule
epithelial cells (HK-2 cells) were acquired from the American Type Culture Collection (ATCC, Manassas, VA, United
States). Cell incubation was done at 37°C in a humid 5% CO2 environment and was routinely cultured in RPMI 1640 or
DMEM supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, United States), except for Caki-1 cells,
which were maintained in McCoy’s 5A (modified) medium (Gibco, USA).

Total RNA Extraction, Reverse Transcription and qRT-PCR Analysis
Total RNA of each cell line for RT-PCR analysis was collected in TRIzol (Takara, Japan). The RNA concentration was
measured by NanoDrop 2000 (ThermoFisher Scientific). Then, 10 μg of total mRNAwas used for cDNA synthesis using
a Vazyme HiScript Q RT SuperMix for qPCR (Vazyme, Nanjing, China) through S1000 Thermal Cycler (Bio-Rad,
USA), as instructed by the manufacturer. qPCR was done on a 7900HT Fast Real-Time PCR System (ThermoFisher
Scientific) with 2× SYBR Green qPCR Master Mix (low ROX) kit (Bimake, China). All primers used for the qRT-PCR
(LINC00460, LINC00941 and LINC02027) were synthesized by RiboBio (Guangzhou, China).

Statistical Analyses
The Wilcox rank-sum test function in R was applied to determine the FRLs exhibiting significantly different expression
levels between the normal and the tumor group. Correlation analyses between FRGs and lncRNAs were conducted using
cor.test() function in R (|Pearson R| > 0.5, p < 0.001). The Chi-square test was applied to compare the distribution of the
following clinicopathological features: Grade (Grade 1-2 or Grade 3-4), Stage (Stage I–II or Stage III–IV), T-staging (T1-
2 or T3-4), N-staging (N0 or N1-3), M-staging (M0 or M1), age (≤ 65 or > 65 years) and gender (male or female)
between low- and high-risk groups in ccRCC. The Log rank test was used for the Kaplan–Meier curves, comparing the
OS between different groups. The non-parametric Spearman rank test was applied for association analysis between risk
score and the immune infiltration. Statistical significance was considered as p < 0.05. All analyses in this research were
carried out using R studio software (version 4.0.2).

Results
Identification of Ferroptosis-Related lncRNAs in ccRCC Patients
First of all, applying the annotated reference downloaded from the “GENCODE” website,25 a total of 14,056 lncRNAs
was identified in the TCGA cohort for subsequent analysis. As a next step, we obtained the expression profiles of the 382
corresponding FRGs from FerrDb24 (150 drivers, 109 suppressors and 123 markers). After performing Pearson correla-
tion test, only the lncRNAs that revealed strong expression correlation with one or more of the 382 FRGs were defined as
the ferroptosis-related lncRNAs (FRLs) (|Pearson R| > 0.5, P-value < 0.001). Finally, a total of 2179 lncRNAs that
showed significant association with FRGs were screened out. After extracting the expression values of 2179 FRLs in
ccRCC, 119 up-regulated lncRNAs and 67 down-regulated genes were identified (FDR < 0.05, log2FC >1; Table S1).
The differentially expressed FRLs were visualized by volcano and heatmaps (Figures 1A and B). To evaluate the
underlying molecular function and potential signaling pathways associated with the differentially expressed FRLs, we
conducted GO and KEGG analyses. The GO enrichment revealed that these lncRNAs mainly participated in cellular
response to chemical stress, response to hypoxia and response to decreased oxygen levels in BP. CC was mainly up-
regulated in apical part of cell, apical plasma membrane and basal plasma membrane. MF mainly regulated iron ion
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binding, lyase activity and oxidoreductase activity (Figure 1C). The major KEGG pathways included HIF−1 signaling
pathway, MicroRNAs in cancer and Arachidonic acid metabolism (Figure 1D; Table S2). To investigate the prognostic
value of the FRLs, univariate Cox regression was then conducted to screen the potential lncRNA predictors from the
2179 FRLs (p < 0.01). As a result, it was identified that 465 FRLs exhibited a significant correlation with the prognosis of
TCGA-KIRC patients, as listed in Table S3.

Construction of Ferroptosis-Related lncRNAs Prognostic Signature
To build a FRLs prognostic signature for OS prediction in ccRCC patients, we integrated all 465 prognostic FRLs s as
mentioned above into a multivariate Cox regression analysis. In order to prevent the model from overfitting, the Lasso
regression was performed, and 13 genes were screened with the optimal adjustment parameter λ selected by 10-fold cross-
validation (Figures 2A and B). Subsequently, as the outcome of multivariate Cox regression, 7 FRLs including LINC00460,
LINC00941, LINC02027, AC027271.1, AC026401.3, AC124854.1 and AC020907.4 were incorporated into the FRLs
prognostic signature, all of which were considered as key biomarkers and independent prognostic indicators (Table 1;
Figure 2C). Each patient’s risk score was calculated based on the coefficient of 7 FRLs in prognostic signature using the above-
mentioned formula in the “Materials and Methods”. Afterward, patients in ccRCC cohort were divided into low- (n=265) and
high-risk (n=265) groups, with the median value of risk scores considered a cut-off. PCA revealed efficient discernment of
patients with various risks into two subgroups (Figure 2D). Furthermore, the PCA result was validated by t-distributed
stochastic neighbor embedding (tSNE) (Figure 2E). Kaplan–Meier survival curves demonstrated that high-risk patients had
significantly worse OS probability compared with the patients in the low-risk group (p < 0.001) (Figure 2F). Conducting
comparative analysis between the risk score and the corresponding survival status distributions, we figured out that patients in
the high-risk group had a higher risk score and corresponding higher mortality rate compared to the low-risk group
(Figure 2G). In addition, the ROC curves suggested that FRLs prognostic signature had satisfactory balanced sensitivity

A B

C D

Figure 1 The differentially expressed FRLs. (A and B) The volcano plot and heatmap of the differentially expressed ferroptosis-related lncRNAs (FRLs). The red indicated
up-regulated and green for down-regulated. (C and D) GO and KEGG pathway enrichment of the differentially expressed FRLs.
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and specificity for predicting 1-, 3- and 5-year OS in ccRCC (AUC of 1-year = 0.763, 3-year = 0.735, 5-year = 0.766,
respectively; Figure 2H). Considering the clinical utility of the risk model, we drew a decision curve analysis (DCA) curve
(Figure 2I). Additionally, the connections between the prognosis-related lncRNAs (yellow square) and FRGs (gray circle)
considered significant were visualized with Cytoscape (v.3.8.0) and presented in Figure 3A. A Sankey diagram of these
prognosis-related lncRNAs and FRGs network was also shown in Figure 3B. Subsequently, Kaplan–Meier survival analysis
was conducted and further confirmed that 7 lncRNAs, identified as the independent prognostic factors, indicated a significant
association with OS in ccRCC patients (p < 0.01) (Figure 4). Collectively, all these results demonstrated that the risk score
model incorporating these 7 independent prognostic indicators was able to potently predict the prognosis of ccRCC patients.

Stratification Analysis Associated with Clinicopathological Characteristics for the
Ferroptosis-Related lncRNAs Prognostic Signature
As is well known, clinicopathological characteristics such as grade, stage, TNM-staging, age and gender were recognized
as survival-associated factors. To comprehensively understand prognostic values of this prognostic model, we next

A B C

D

G

E F

IH

Figure 2 Constructionof FRLs prognostic signature for ccRCC. (A andB) The Lasso regression analysis identified 13 lncRNAs in 465 prognostic FRLs. Theoptimal penalty parameter λ
was obtained through ten-fold cross-validation. (C) Multivariate Cox proportional hazards regression model integrated 7 lncRNAs into the FRLs prognostic signature. (D and E) PCA
and tSNE plot based on the risk score. (F) Kaplan–Meier survival curve of theOS in the high- and low-risk groups. (G) Predictor scores of ccRCCpatientswere sorted deriving from the
prognosticmodel. The scatter plot of all patient’s survival states. (H) ROCcurves for the predictingOS at 1, 3 and 5 years. (I)DCAof the risk variables. *p<0.05, **p<0.01, ***p<0.001.
Abbreviations: ROC, receiver operating characteristic curves; DCA, decision curve analysis.
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sought to determine whether there was some degree of correlation between clinicopathological characteristics and the
risk score model including 7 FRLs as noted above. Hence, Chi-Square test was carried out to determine whether the
FRLs prognostic signature had sort of predictive effectiveness for predicting the clinicopathological features in ccRCC
patients. Results from Chi-Square test were visualized using the heatmap (Figure 5A), which depicted that there were
significant discrepancies in the distribution of Grade (p < 0.01), Stage (p < 0.001), M-staging (p < 0.001) and T-staging
(p < 0.001) between high- and low-risk groups. Detailed results are presented in Table 2. The heatmap also indicated that
the expression of LINC02027 and AC124854.1 had negative correlations with risk score and might act as the
independent favorable prognostic factors, whereas the expression of the LINC00460, LINC00941, AC027271.1,
AC026401.3 and AC020907.4 showed positive correlations and served as unfavorable prognostic factors (Figure 5A).
We further conducted stratification analyses in order to evaluate whether the FRLs prognostic signature remained its
predictive potency across diverse subgroups. The results revealed that there were indeed some distinct differences in risk
scores across different subgroups in Grade, Stage, N-staging, M-staging and T-staging (p < 0.05), meanwhile, higher risk
scores were related to the more advanced clinicopathological features (Figures 5B-F), but neither age nor gender was
significantly associated with the risk scores (not shown in Figure 5). The Kaplan–Meier survival analysis demonstrated
that only the patients with N1-3 resulted in no statistically significant difference (p > 0.05; probably because the number
of patients was insufficient to make meaningful comparisons) (Figure 5L), apart from this subgroup, higher risk patients

Table 1 Multivariate Cox Proportional Hazards Regression Model Including 7 Ferroptosis-Related
lncRNAs as the Independent Prognostic Biomarkers for Overall Survival in Patients with KIRC

Ferroptosis-Related
lncRNA

Coefficient HR 95% Lower CI 95% Upper CI p-value

LINC00460 0.047 1.049 0.998 1.102 0.061

LINC00941 0.145 1.156 0.974 1.373 0.098
LINC02027 −0.185 0.831 0.716 0.966 0.016 *

AC027271.1 0.490 1.633 1.157 2.305 0.005 **

AC026401.3 0.071 1.074 1.005 1.147 0.035 *
AC124854.1 −0.046 0.955 0.919 0.993 0.020 *

AC020907.4 0.221 1.247 1.109 1.402 < 0.001 ***

Notes: *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: HR, hazard ratio; CI, confidence interval.

A B

Figure 3 The constructed FRGs and FRLs networks. (A) Co-expression network consists of FRGs and the significantly related lncRNAs visualized by Cytoscape (version
3.8.0) (yellow square represents lncRNA, gray circle represents FRGs). (B) Sankey diagram for FRGs and FRLs network.
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had worse OS in all of the Grade, Stage and T/N/M-staging subgroups (Figures 5G-K and 5M-P). In general, these
results indicated that the FRLs prognostic signature could serve as a potential predictor for ccRCC patients.

Construction of Nomogram Derived from Ferroptosis-Related lncRNAs Prognostic
Signature
To further substantiate the predictive potency of FRLs prognostic signature, univariate as well as multivariate Cox
regression analyses were implemented next. As expected, univariate Cox analysis confirmed that FRLs prognostic
signature served as an adverse prognostic indicator for OS (Hazard ratio: 1.059, 95% CI: 1.044–1.074, p < 0.001;
Figure 6A). Then multivariate Cox analysis further corroborated this result by confirming the prognostic signature as an
independent predictor for unfavorable prognosis (Hazard ratio: 1.042, 95% CI: 1.026–1.058, p < 0.001; Figure 6B).
Therefore, from these results, we could make conclusions that our prognostic signature could be considered as an
independent prognostic predictor and might have practical value for clinical prognosis assessment. To develop
a clinically-relevant quantitative approach for predicting survival probability of ccRCC patients, we constructed
a nomogram composed of the clinicopathological features such as Age, Gender, Grade, Stage and the newly generated

A B C

D E F

G

Figure 4 Kaplan–Meier survival curves of the 7 FRLs as independent prognostic factors significantly associated with OS in ccRCC patients. (A–G) Kaplan-Meier curves of
LINC00460, LINC00941, LINC02027, AC027271.1, AC026401.3, AC124854.1 and AC020907.4 (p < 0.01).
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risk score (Figure 6C). With the red line (the actual observation) suggesting a good fit of the grey line (the reference line),
the calibration plots for predicting the survival probability at 1-, 3- and 5-year showed excellent consistency between the
nomogram-predicted probabilities and actual observations (Figures 6D–F). The ROC curve also exhibited acceptable
accuracy and discrimination of the FRLs prognostic signature regarding 1-, 3- and 5-year OS, respectively (AUC of
1-year = 0.753, 3-year = 0.722, 5-year = 0.756, respectively; Figures 6G–I).

Consensus Clustering of Prognostic Ferroptosis-Related lncRNAs Recognized Two
Clusters of ccRCC Patients with Significantly Different Prognosis
In total, 530 ccRCC patients were clustered into two subgroups, named as cluster 1 (n = 145) and cluster 2 (n = 385)
based on the expression patterns of 7 FRLs in the prognostic signature as mentioned above (Table 1). Ultimately, with the
ConsensusClusterPlus R software package, k = 2 was certified as the least crossover by testing a range of k = 2 to 10 in
TCGA-KIRC cohort (Figures 7A-C). As a result, we divided ccRCC patients into two clusters, named cluster 1 and
cluster 2. We then investigated the clinicopathological features between these two subgroups, and Chi-square test results
demonstrated that the two ccRCC clusters were significantly related to Stage (***p < 0.001), Grade (***p < 0.001),
T-staging (***p < 0.001) as well as M-staging (**p < 0.01) (Figure 7D), which suggested that these clinical parameters
had significant different ratio between the two ccRCC clusters. Furthermore, Kaplan-Meier analysis exhibited

A B C

D E F

G

L M N O P

H I J K

Figure 5 The associations between the risk score and different clinicopathological features. (A) Heatmap graphically illustrates the relationships between the expression
levels of the 7 FRLs and clinicopathological features. (B–F) Clinicopathological characteristics (Grade, Stage, N-staging, M-staging and T-staging) of patients with different risk
scores. Chi-square test was applied to determine whether the correlations between clinical features and risk score were statistical significance. (G–P) Kaplan-Meier curves
of OS between every two groups stratified by Grade (Grade 1-2 or Grade 3-4), Stage (Stage I–II or Stage III–IV), N-staging (N0 or N1-3), M-staging (M0 or M1) and T-staging
(T1-2 or T3-4). **p < 0.01, ***p < 0.001.
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a significantly poorer prognosis in patients from cluster 2 rather than the patients from cluster 1 (p < 0.001) (Figure 7E),
which strongly agreed with the results that cluster 2 had a higher level of FRLs prognostic signature-based risk score than
cluster 1, as presented in Figure 7F (p < 0.001). These results provided further evidence to conclude that FRLs prognostic
signature was strongly associated with the prognosis of ccRCC patients.

Exploring the Immune Characteristics of the Two ccRCC Clusters
It is also well-known about the existence of complicated interactive networks in tumor microenvironment that contain
tumor-infiltrating immune cells, and more significantly, profile of immune infiltration has profound effects on tumor-
igenesis and progression.34 Taking account of the vital biological functions, including the immune system regulated by
ferroptosis during the tumorigenesis,35 ferroptosis might also have a close connection with immune infiltration signatures
in tumors. Thus, we comprehensively investigated the discrepancy of immune profile between two ccRCC clusters. The
CIBERSORT algorithm was applied to investigate the composition of tumor-infiltrating immune cells between two
ccRCC clusters, and the violin plot was utilized to visualize the results (Figure 8A). The relatively higher infiltration
levels of T cells follicular helper and T cells regulatory (denoted hereafter as Tregs), as well as the relatively lower
proportion of Macrophages M1 and Macrophages M2 in cluster 2, were depicted in the boxplots (Figures 8B-E).
Consistent with the outcomes of CIBERSORT algorithm, we also noticed that the expression of FOXP3 (Treg-specific
marker) and LAG3 (deemed to be relevant to FOXP3+ Tregs36) were significantly upregulated in cluster 2 (*p < 0.05,

Table 2 Clinicopathological Characteristics in the Low- and High-Risk Groups in the TCGA-
KIRC Patients

Characteristic Low-Risk Group,
n (%)

High-Risk Group,
n (%)

p-value

Age, years

>65 88 (33.2) 94 (35.5) 0.583
≤65 177 (66.8) 171 (64.5)

Sex

Male 161 (60.8) 183 (69.1) 0.045 *
Female 104 (39.2) 82 (30.9)

Grade
G1-2 139 (52.5) 102 (38.5) 0.001 **

G3-4 122 (46.0) 159 (60.0)

Gx 4 (1.5) 4 (1.5)
Stage

Stage I–II 187 (70.6) 135 (50.9) <0.001 ***

Stage III–IV 77 (29.0) 128 (48.3)
Stage x 1 (0.4) 2 (0.8)

T stage

T1-2 192 (72.5) 148 (55.8) <0.001 ***
T3-4 73 (27.5) 117 (44.2)

N stage

N0 123 (46.4) 116 (43.8) 0.117
N1-3 5 (1.9) 11 (4.2)

Nx 137 (51.7) 138 (52.0)

M stage
M0 229 (86.4) 191 (72.1) <0.001 ***

M1 21 (8.0) 57 (21.5)

Mx 15 (5.6) 17 (6.4)
Outcome

Alive 216 (81.5) 141 (53.2) <0.001 ***

Dead 49 (18.5) 124 (46.8)

Notes: *P < 0.05, **P < 0.01, ***P < 0.001.
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***p < 0.001) (Figures 8F and G). Meanwhile, the expression of Macrophage M2-marker CD163 was significantly
downregulated in cluster 2 compared with cluster 1 (*p < 0.05) (Figure 8H).

Notably, we observed that the OS of cluster 2 was the lower one, somewhat contradicting the results from the
CIBERSORT algorithm which indicated the more significant decrease of immune-inhibitory signatures as Macrophages
M2 in cluster 2. This inconformity led us to question whether cluster 2 had distinct tumor immune escape mechanisms. It
is well-established that Tregs exert an essential function toward promoting tumor immune escape and significantly
contribute to immunosuppressive tumor microenvironment.37 Our results showed that the abundance of Tregs infiltration
abundance was significantly upregulated in cluster 2, which might contribute to tumor immune escape and eventually
result in a poor prognosis. For further confirmation, we validated some classic and crucial inhibitor immune checkpoints
such as PD-L1, CTLA-4 and TIGIT. The results demonstrated that all of them had statistically significant higher
expression in cluster 2 (*p < 0.05, ***p < 0.001) (Figures S1A-C), which indicated an immunosuppressive status of
cluster 2, in accordance with the previous assumption.

A B C

D E F

G H I

Figure 6 Evaluation of FRLs prognostic signature and nomogram construction in ccRCC. (A and B) Univariate and multivariate Cox regression analyses suggested that the
risk score derived from the prognostic model was an independent prognostic predictor in ccRCC patients. (C) A nomogram integrated risk score derived from the FRLs
prognostic signature and clinicopathological features (Grade, Stage, N-staging, M-staging and T-staging). (D–F) Calibration curve of the nomogram showed a good predictive
ability for predicting 1-, 3-, and 5-years OS in ccRCC patients. (G–I) ROC curves for predicting 1-, 3-, and 5-years OS in ccRCC patients.
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Gene Set Enrichment Analyses
Given the potential importance of ferroptosis during the tumorigenesis and the interesting results we found above, we
decided to explore the role of FRLs prognostic signature in the pathogenesis of ccRCC. Gene set enrichment analyses
(GSEA) was utilized to explore the potential biological mechanisms of the FRLs prognostic signature involved in ccRCC
progression. The results indicated that glycerophospholipid metabolism, P53 signaling pathway, primary immunodefi-
ciency, basal cell carcinoma and oxidative phosphorylation were activated by the high-risk group of the FRLs prognostic
signature. While glycolysis gluconeogenesis, peroxisome, tryptophan metabolism, propanoate metabolism and valine
leucine and isoleucine degradation were activated by the low-risk group (Figure 9). These results provided a hint of the
underlying mechanism in the progression of pathogenesis of ccRCC.

Immunity and Gene Expression
The heatmap of immune responses based upon TIMER, CIBERSORT, CIBERSORT−ABS, QuanTIseq, MCPcounter,
xCell and EpiC is presented in Figure 10A. Analysis of the association between immune cell subsets and related
functions derived from ssGSEA of TCGA-KIRC data suggested that MHC class I, T cell co-stimulation, Type I IFN

A B C

D E

F

Figure 7 Differential clinicopathological features and survival of ccRCC in two clusters. (A) Consensus clustering cumulative distribution function (CDF) for k = 2–10. (B)
Relative change in area under CDF curve for k = 2 to k = 10. (C) Consensus clustering matrix for k = 2. (D) Heatmap and clinicopathologic features of the two clusters
(cluster 1 and cluster 2). (E) Kaplan-Meier curves of OS for patients with ccRCC in the two clusters. (F) Boxplot of risk score derived from the FRLs prognostic signature in
the two clusters. **p < 0.01, ***p < 0.001.
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Response and Type II IFN Response showed significant differences among the low- and high-risk groups (Figure 10B).
Given the essentiality that immune checkpoint inhibitors attribute to immunotherapies, we further focused on the
difference in the expression of immune checkpoints between the two groups. We identified a substantial difference in
the expression of CD274 (PD-L1), PDCD1 (PD-1), CTLA4, LAG3, TIGIT among others, between the two groups of
ccRCC (Figure 10C), being in line with our prior results. We then performed the ESTIMATE algorithm to accurately
calculate the estimate score, immune score and stromal score. As indicated in Figures 10D-F, patients with a high-risk
score presented a higher level of estimate score (p = 0.014) as well as immune score (p = 0.0031), but there was no

A

B

F G H

C D E

Figure 8 Comparison of immune signatures between the two ccRCC subgroups. (A) Comparison between two clusters of 22 immune cell proportions, visualized in the
violin plots. (B–E) Comparison of several specific immune cells that had statistically significant differences of infiltration levels between the two clusters (Tregs, T cells
follicular helper, Macrophages M1 and Macrophages M2). (F–H) The expression levels of marker gene of Tregs and Macrophages M2 (FOXP3 and LAG3: the marker of Tregs;
CD163: the marker of Macrophages M2). *p < 0.05, ***p < 0.001.
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statistical difference in stromal score (p > 0.05). Therefore, the risk score was significantly and positively correlated with
the estimate score and immune score.

To provide supporting evidence reinforcing the results ahead, we next correlated the expression of gene markers
(FOXP3, LAG3 and CD163) of the corresponding immune cells (Tregs and Macrophages M2) with 7 FRLs, respectively.
Consequently, we corroborated that the expression of Tregs markers (FOXP3 and LAG3; as immunosuppressive
markers) were positively associated with the lncRNAs which served as unfavorable prognostic factors; meanwhile,
they were negatively correlated with LINC02027 and AC124854.1 which were independent favorable prognostic factors
(Figures 11A and B). In addition, Macrophages M2 marker (CD163) revealed a completely opposite trend (Figure 11C).
These correlations were in line with previous outcomes about the poor prognosis and the immune characteristic in cluster
2, further suggesting that there were reasonable correlations between the risk score model and the immune phenotype.

External Validation of FRLs as a Potential Biomarker
Next, KM survival analysis was used to validate the prognostic value of LINC00460, LINC00941 and LINC02027 in an
external Kaplan-Meier Plotter dataset. The outcome indicated that LINC00460, as an adverse prognostic factor, was
significantly associated with both OS (HR = 2.91 (2.16 − 3.92), Log-rank p = 2.3e−13) and RFS (HR = 5.34 (1.5 −
19.02), Log-rank p = 0.0039) (Figures 12A and B). LINC00941 serving as an indicator of poor prognosis was also
significantly correlated with OS (HR = 2.29 (1.69 − 3.09), Log-rank p = 2.8e−08); however, although there was the same
trend on RFS, statistical significance was not reached for that outcome (HR = 2.42 (0.55 − 10.77), Log-rank p = 0.23)
(Figures 12C and D). The results also suggested that higher LINC02027 expression was significantly associated with
shorter OS (HR = 0.4 (0.28 − 0.56), Log-rank p = 5.1e−08) but the differences on RFS did not achieve statistical
significance (HR = 0.49 (0.18 − 1.39), Log-rank p = 0.17) (Figures 12E and F). According to online GEPIA2 database
(based on TCGA and GTEx data), the same findings were obtained (Figures S2A-F). The results of survival analysis in
external databases were consistent with our results.

It has previously been reported that dysregulation of LINC00460 expression could affect cell proliferation and
apoptosis and has been implicated in development and metastasis in various tumors as colorectal cancer,38 lung cancer39

and esophageal cancer.40 Therefore, LINC00460 was selected as the target to be validated in ccRCC cohorts from GEO
database (GSE46699, GSE53757 and GSE66272). As shown in Figures 12G-I, the results of additional independent
validation in GEO database are consistent with the expression trend of LINC00460 in our results. Compared with normal
tissues, LINC00460 level was markedly elevated in ccRCC tumor tissues.

Figure 9 Gene set enrichment analysis. Significant level was p < 0.05 and FDR < 0.25.
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In vitro Experimental Validation of FRLs as a Potential Biomarker
In order to further verify the prognostic value of this FRLs-related model, in vitro experiments would be needed to
elucidate the expression trend of the hub differentially expressed FRLs. The results of RT-qPCR showed that the overall

A

B C

D E F

Figure 10 Immunity and gene expression. (A) Based on TIMER, CIBERSORT, CIBERSORT−ABS, QuanTIseq, MCPcounter, xCell and EpiC algorithms, heatmap of immune
infiltration in the high- and low-risk groups. (B) ssGSEA for the association between immune cell subpopulations and related functions. (C) Expression of immune
checkpoints among high- and low-risk groups. (D–F) ESTIMATE score, immune score and stromal score in the high- and low-risk groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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trend in the expression levels of LINC00460 and LINC00941 increased in ccRCC cell lines (786-O, Caki-1, ACHN, OS-
RC-2) compared to renal proximal tubule epithelial cells HK-2, but LINC02027 showed a reverse trend (Figures 13A-C),
which corresponded with our previous results of bioinformatic analysis based on public databases.

Discussion
As stated previously, RCC is one of the most common malignant tumors in urinary system. Of the predominant RCC
histological subtypes, ccRCC is the most aggressive subtype and accounts for almost 80% of RCC diagnoses.1 Although
surgical resection remains optimal as a curative option for localized ccRCC, the treatment efficacy for advanced or
metastatic ccRCC is still unsatisfactory.41 Thus, apart from conventional clinical risk factors, identifying new potential
prognostic indicators for ccRCC appears increasingly necessary. Ferroptosis is described as non-apoptotic programmed
cell death process that indicates the presence of metabolic abnormalities in cellular lipid peroxidation and lipoxygenase
catalysis.42 More importantly, there is growing evidence suggesting that ferroptosis serves a pivotal function in
tumorigenesis and progression.43 Ferroptosis combined with ICIs demonstrate a synergistic effect and enhance antitumor
activity, even in ICI-resistance patients.44 Recently it has been shown that ferroptosis could induce immune-suppressed
tumor microenvironment resulting in accelerated tumor growth by dysregulating cellular inflammatory response.45

Correspondingly, lncRNAs have also recently emerged as essential regulators in the immune system during
tumorigenesis.20 Moreover, the integrative bioinformatic research had demonstrated that the dysregulation of ferroptosis-
associated lncRNAs was in connection with tumor progression.15,17 These studies do not, however, highlight whether
ferroptosis-related lncRNAs (FRLs) play a role in regulating immune phenotypes in ccRCC, which warrants further
investigation.

In general, our analyses detected 186 ferroptosis-related DELs. KEGG pathway analysis further unraveled the
DELs mainly involved in HIF−1 signaling pathway, MicroRNAs in cancer and Arachidonic acid metabolism.
Regarding the enrichment results, we found recent research suggesting that HIF-2α activation further exacerbates
oxidative cell death in colorectal cancers by leading to intracellular iron accumulation,46 which supported our result
that HIF−1 signaling pathway might be involved in ferroptosis during tumor progression. Li et al also reported that FG-
4592 (interfere with the effect of HIF-1) pretreatment could inhibit ferroptosis by activating Nrf2 through targeting
Akt/GSK-3β.47 Furthermore, as a result of multivariate Cox regression, 7 FRLs (LINC00460, LINC00941,
LINC02027, AC027271.1, AC026401.3, AC124854.1 and AC020907.4) that had independent prognostic value were
screened out to construct the FRLs prognostic signature, with satisfactory efficacy in predicting the OS of ccRCC
patients. To further verify the broad applicability of our prognostic model, stratification analysis was also performed by
taking different clinicopathological parameters into account. The prognostic model could accurately distinguish ccRCC
patients into low- and high-risk groups, and the two groups exhibited significant differences among clinical character-
istics. Moreover, incorporating FRLs prognostic signature with Age, Gender, Grade and Stage, we constructed

A B C

Figure 11 Relationship between immune characteristics and 7 FRLs from the prognostic model. (A–C) Correlations among FOXP3 (Tregs marker), LAG3 (Tregs marker),
CD163 (Macrophages M2 marker) and 7 FRLs from the prognostic signature. Only correlations with a significant p < 0.05 were retained and presented. Positive correlations
shown in red, negative correlations shown in blue. Color shade and circle size are proportional to the correlation coefficients.
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a nomogram that had potentially strong prediction capabilities of OS in ccRCC patients. Apart from that, we identified
two subtypes of ccRCC according to the similarity of the expression patterns of the 7 FRLs mentioned above. The
subtypes were referred to as cluster 1 and cluster 2, respectively. By applying CIBERSORT to calculate the proportions
of 22 subpopulations of infiltrating immune cell in ccRCC, we figured out that two clusters had different tumor-
infiltrating immune cell signature. The infiltration of immune cells as Tregs and T cells follicular helper was
significantly increased while the infiltration of immune cells as Macrophages M1 and Macrophages M2 was signifi-
cantly decreased in the highest-risk score group cluster 2 compared with the relatively low-risk score group cluster 1.
The differences in the aspect of clinicopathological features and prognosis between cluster 1 and cluster 2 were partly
due to the different tumor-infiltrating immune cell signature. In summary, these results demonstrate that
a comprehensive evaluation of the FRLs prognostic signature as well as taking immune infiltration into consideration
will contribute to developing more individualized novel therapies by assessing the clinical response to immunotherapy.

A B C

D E F

G H I

Figure 12 External Validation of FRLs as a Potential Biomarker. (A–F) OS and RFS analysis of LINC00460, LINC00941 and LINC02027 in Kaplan-Meier plotter dataset. (G–
I) Box plot indicating higher expression of LINC00460 in ccRCC tissues than those in normal tissues using GEO cohort. ***p < 0.001, ****p < 0.0001.
Abbreviation: ns, not significant.
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The prognostic value of some hub FRLs in the risk model was also externally validated via three GEO datasets
(GSE46699, GSE53757 and GSE66272) and online databases including Kaplan-Meier Plotter and GEPIA. Finally, the
three FRLs with significant P-value in this prognostic signature (LINC00460, LINC00941 and LINC02027) were
verified through in vitro experiments.

Among the lncRNAs in this FRLs prognostic signature, several have been recognized as being associated with
immunity, ferroptosis, and malignancy. For instance, LINC00941, which was reported to promote pancreatic cancer
progression through LIMK1/Cofilin-1 signaling,48 could also facilitate oral squamous cell carcinoma progression through
canonical WNT/β-catenin signaling pathway.49 Recently, Cisneros-Villanueva et al found that LINC00460 expression is
considerably enriched in the Basal-like 2 (BL2) TNBC subtype and potentially regulates the WNT differentiation
pathway as well as immunogenic.50 It has previously been reported that dysregulation of LINC00460 expression could
affect cell proliferation and apoptosis and has been implicated in development and metastasis in various tumors as
colorectal cancer,38 lung cancer39 and esophageal cancer.40 Overall, the function of lncRNAs reported in the previous
studies concurs with our findings of 7 FRLs acting as independent prognostic indicators. At present, a consensus has been
achieved that not only tumor characteristics but also profiles of tumor immune microenvironment contribute to tumor
development or metastasis.51 For instance, the mainstream viewpoint is that Tregs-mediated immunosuppression plays
a crucial role in leading to immune evasion and tumor progression.52 Intra-tumoral high abundance of Tregs represents
a substantial obstacle for cancer immunotherapy in multiple tumor types. Meanwhile, elevated expression of FOXP3, the
most specific marker of Tregs, might lead to a decrease in CD8+ T cell infiltration and procession, recurrence, and
migration of kinds of cancer such as gastric cancer,53 ovarian cancer54 and hepatocellular carcinoma.55 Lymphocyte-
activation gene 3 (LAG3), belonging to the immunoglobulin superfamily, has been proposed as an inhibitory checkpoint
receptor on activated T-cells and impairs antitumor activity of T cells,56 with well-defined as an immunosuppressive
factor.57 Additionally, previous studies have also indicated that the presence of LAG3 could be important for FOXP3+
Treg functioning, as LAG3–/– Tregs exhibit functionally impaired immunosuppression.36 The results of our study, which
indicated that the ccRCC patients in cluster 2 had the worse prognosis partly due to the higher level of infiltration of
Tregs (showing upregulated expression of markers FOXP3 and LAG3), were in line with the previous studies mentioned
above. Also, the poorer prognosis and higher risk score in cluster 2 presented an association with the higher expression
levels of commonly used immune checkpoints related to immunosuppression (such as PD-L1, CTLA-4 and TIGIT).
Therefore, the FRLs prognostic signature might serve as potential immunotherapy targets of ccRCC.

Ferroptosis can potentially provide efficacious solutions in tumor treatment; what is more, ferroptosis also suggests
a novel perspective on tumor immune infiltration. Future research may elucidate the therapeutic direction of tumor
immunotherapy by clarifying the regulation mechanisms between ferroptosis and non-coding RNA. Indeed, there are also
some deficiencies in this study. First, this study was a bioinformatic analysis based on the public databases and was not

Figure 13 The expression levels of FRLs in vitro. (A–C) RT-qPCR was used to measure the mRNA level of LINC00460 (A), LINC00941 (B) and LINC02027 (C) in human
renal proximal tubule epithelial cells HK-2 and renal clear cell carcinoma cell lines (786-O, Caki-1, ACHN and OS-RC-2). *p < 0.05, **p < 0.01, ***p < 0.001.
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verified by clinical examination. Second, the expression levels of the FRLs and their impact on immunophenotype were
not compelling enough without in vitro and in vivo assays. But overall, our results might provide some evidence and
clues for further investigation on the underlying mechanism about ferroptosis of lncRNAs and potential prognostic
immune subtype in ccRCC patients.

Conclusion
In conclusion, we comprehensively demonstrated the expression, prognostic value, and potential modulation effect on
tumor immune infiltration of the FRLs prognostic signature, including 7 independent prognostic lncRNAs, in ccRCC.
This signature was correlated with immune infiltration and immune checkpoint blockade (ICB). We also correlated two
distinct clusters with immune infiltration signature of ccRCC for the first time. We supposed that the FRLs prognostic
signature is tightly correlated with the malignant clinicopathological features and immune signatures in ccRCC.
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