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Abstract

Background: Ferroptosis is a recently recognised new type of cell death which may be a potential target for cancer
therapy. In the present study, we aimed to screen ferroptosis-related differentially expressed long non-coding RNAs as
biomarkers to predict the outcome of kidney renal clear cell carcinoma.

Methods: RNAseq count data and corresponding clinical information were obtained from the Cancer Genome Atlas
database. Lists of ferroptosis-related genes and long non-coding RNAs were obtained from the FerrDb and GENCODE
databases, respectively. The candidate prognostic signatures were screened by Cox regression analyses and least
absolute shrinkage and selection operator analyses.

Results: Three ferroptosis-related long non-coding RNAs (DUXAPS, LINC02609, and LUCAT1) were significantly cor-
related with the overall survival of kidney renal clear cell carcinoma independently. Kidney renal clear cell carcinoma
patients with high-risk values displayed worse OS. Meanwhile, the expression of these three ferroptosis-related long
non-coding RNAs and their risk scores were significantly correlated with clinicopathological features. Principal com-

ponent analyses showed that patients with kidney renal clear cell carcinoma have differential risk values were well
distinguished by the three ferroptosis-related long non-coding RNAs.

Conclusions: The present study suggests that the risk assessment model constructed by these three ferroptosis-
related long non-coding RNAs could accurately predict the outcome of kidney renal clear cell carcinoma. We also
provide a novel perspective for cancer prognosis screening.
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Introduction

Kidney cancer is a cancer that originates in a kidney. It
is also the most commonly diagnosed cancer in both
men and women. In recent years, the incidence of kid-
ney cancer has increased, mainly due to the aging pro-
cess and tobacco use [1, 2]. Kidney renal clear cell
carcinoma (KIRC) is the most common type of kidney
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cancer, accounting for approximately 75% of all kidney
cancer diagnoses [3]. Approximately 40% of patients with
advanced cancers eventually develop metastases, despite
receiving surgical treatments [4]. Therefore, it is neces-
sary to conduct more research on relevant prognostic
signatures and possible therapeutic targets.

Ferroptosis was first proposed by Dixon in 2012 as type
of novel cell death. It is defined as an iron-dependent and
reactive oxygen species (ROS)-dependent cell death [5]. It
is mainly characterised by cytological changes, including
decreased or diminished mitochondrial cristae, ruptured
outer mitochondrial membrane, or condensed mitochon-
drial membrane [6—10]. Previous studies have indicated
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that ferroptosis can be activated by diverse physiologi-
cal conditions and pathological stresses [11]. Dysregu-
lated ferroptosis is involved in multiple physiological and
pathological processes, including cancer cell death [10].
Cumulative studies have demonstrated that dysregulated
ferroptosis participates in several cancers, such as colo-
rectal cancer, gastric cancer, and renal cancer [12-14].
Deregulated ferroptosis is increasingly recognised as an
adaptive feature with the potential to eliminate malig-
nant cells; moreover, it plays a pivotal role in inhibiting
tumorigenesis [15]. Researchers have begun the process
of employing the regulation of ferroptosis in tumour cells
as a novel therapeutic approach [16—18]. Chemotherapy
agents combined with ferroptosis inducers, such as eras-
tin, have a significant synergistic antitumour effect. Nota-
bly, patients’ prognoses are with this approach better
than those undergoing conventional chemotherapy alone
[7].

Relatedly, long non-coding RNAs (IncRNAs) are a type
of non-coding RNAs that are more than 200 nucleotides
in length and account for nearly 70% of the human tran-
scriptome [19]. This is important as IncRNAs play an
integral role in several physiological and pathological
cellular processes [20, 21]. Similar to dysregulated fer-
roptosis, dysregulated IncRNAs are closely related to cell
proliferation, apoptosis, migration, and invasion in sev-
eral different cancers [22—24]. Cumulative studies have
demonstrated that IncRNAs are related to the overall
survival of cancers. This means that they could be used as
prognostic signatures to predict outcomes [25, 26]. Addi-
tionally, IncRNAs are increasingly recognised as crucial
mediators in the regulation of ferroptosis [27].

It is important to recall the close relationship that fer-
roptosis has with the treatment and prognosis of cancers.
Based on that and the fact that IncRNAs are key media-
tors in regulating ferroptosis, we speculated that several
ferroptosis-related differentially expressed IncRNAs (FR-
DELs) may be used as prognostic signatures for KIRC.
Therefore, the aim of the present study was to identify
suitable FR-DELs that can predict the prognostic out-
come for patients living with KIRC. Through a series of
bioinformatics analyses, we identified three FR-DELs
(DUXAPS, LINC02609, and LUCAT1) that could be used
as prognostic signatures for KIRC. We also verified the
prediction of these three FR-DELs and the risk assess-
ment model in the validation dataset as well as in the
entire dataset.

Methods

Data processing

RNA-seq counts data of 72 controls and 530 patients
with KIRC and their corresponding KIRC data were
obtained from an open database, The Cancer Genome
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Atlas (TCGA) (https://portal.gdc.cancer.gov/). Annota-
tion of IncRNAs was obtained from GENCODE (https://
www.gencodegenes.org/). A list of ferroptosis-related
genes (259) was obtained from FerrDb (http://www.
zhounan.org/ferrdb).

We used the DESeq2 package in R 3.6.2 to screen the
differentially expressed genes (DEGs) with the specific
criterion baseMean > 100, |Log,FoldChange| > 1.0, adj.p
<0.05. Spearman correlation analyses were used to inves-
tigate the correlation of FR-DEGs and DELs with the spe-
cific criterion |r| >0.5, p <0.05.

Sample processing

To identify suitable signatures and verify them, KIRC
samples were randomly divided into training and vali-
dation groups (Table 1). We placed the patients with-
out clear clinicopathological features into the unknown
group. We excluded patients with unknown clinicopatho-
logical features from the overall samples. Considering the

Table 1 Characteristics of KIRC patients

Characteristics Entire group  Training group Validation
(n = 530) (n =265) group (n
=265)

Age, years

<65 348 174 174

>65 182 91 91
Gender

Female 186 92 94

Male 344 173 171
Stage

Stage | 265 141 124

Stage Il 57 30 27

Stage lll 123 58 65

Stage IV 82 35 47

Unknown 3 1 2
T

T 271 144 127

T2 69 35 34

T3 179 82 97

T4 11 4 7
N

NO 239 122 117

N1 16 6 10

Unknown 275 137 138
M

MO 422 217 205

M1 78 33 45

Unknown 30 15 15
Vital

Alive 357 187 170

Death 173 78 95
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factors of sample size and analysis methods (discontinu-
ous variables), we combined components with similar
clinical phenotypes. For example, we regrouped the KIRC
patients into two different groups based on the clinico-
pathologic features, such as T1 + 2 group and T3 + 4
group, NO group and N1 group, MO group and M1 group,
Stage 1 + 2 group, and Stage 3 + 4 group in the overall
survival analyses.

Development of IncRNAs as prognosis signatures

After regrouping by the median value, we evaluated
each FR-DEL using univariate Cox regression analy-
ses and Kaplan—Meier (K-M) analyses. We performed
least absolute shrinkage and selection operator (LASSO)
regression to avoid overfitting. We performed multivari-
ate Cox regression analyses to identify suitable FR-DELs
as prognostic signatures.

Risk assessment model construction

After the candidate prognostic signatures were filtered
by the analyses of univariate Cox regression, K-M,
LASSO regression, and multivariate Cox regression, we
constructed a risk assessment model using the follow-
ing formula: Risk Value = Bprppri X Expressionpp pepg
+  Berpez X Expressionpgppp.. + Brropeia
x Expressionpp ppr,. After regrouping by the optimal
cutoff value, univariate and multivariate Cox regression
analyses were used to assess the prognostic value of the
risk value model.

Principal component analyses and functional enrichment
Principal component analyses (PCA) were conducted
to reduce the dimensions of the study. PCA allowed us
to visualise KIRC patients who had different risk values
as defined by different DEGs. We found these by filter-
ing using differentially expressed analyses, including 62
FR-DEGs filtered by differentially expressed analyses,
361 DELs filtered by differentially expressed analyses, 46
FR-DEGs filtered by Spearman analyses, 251 FR-DELs
filtered by Spearman analyses, 9 FR-DELs filtered by
univariate Cox, K—M, and LASSO analyses, and four FR-
DELs after filtering by multivariate Cox analyses.

David 6.8 was used to carry out Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGQG)
analyses (https://david.ncifcrf.gov/).

Statistical analyses

A repeated measure ANOVA followed by an unpaired
two-tailed student’s t test was used as indicated. All
results are expressed as the mean £ SEM.
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Results

Differential expression analyses

Through differential expression analyses, we screened
3978 DEGs, including 2573 upregulated DEGs and
1405 downregulated DEGs (Fig. 1a). By overlapping the
3978 DEGs with the ferroptosis genes and IncRNAs, we
obtained 62 FR-DEGs (36 upregulated and 26 downreg-
ulated) and 361 DELs (278 upregulated and 83 down-
regulated), respectively (Fig. 1b, c). To obtain FR-DELs,
we performed Spearman correlation analyses for the 62
FR-DEGs and 361 DELs. From this, we obtained 672
pairs of DELs-FR-DEGs which included 251 DELs and
46 FR-DEGs (Additional file 1: Table S1). We named
these 251 DELs qw 251 FR-DELs.

Development and validation of prognosis IncRNAs
signatures

We first regrouped all KIRC patients into training and
validation groups randomly. Clinical characteristics
are displayed in Table 1. For preliminary screening, we
found that 89 FR-DELs were correlated with the over-
all survival (OS) of patients with KIRC by univariate
Cox analyses and K-M analysis in the training group
(Additional file 1: Table S2). To avoid overfitting, we
introduced LASSO analyses for the 89 FR-DELs (Addi-
tional file 1: Figure Sla, b) and obtained nine FR-DELs
(Fig. 1d). Subsequently, we performed multivariate Cox
analyses for the nine FR-DELs and identified three FR-
DELs (DUXAPS, LINC02609, and LUCAT1) were inde-
pendently correlated with the OS of patients with KIRC
(Fig. le). Patients with KIRC with high expression of
DUXAPS8, LINCO02609, and LUCAT1 displayed worse
OS (Fig. 1d—f).

After employing multivariate Cox analyses, we con-
structed a risk assessment model using the three FR-
DELs (DUXAPS8, LINC02609, and LUCAT1). We used
the optimal cut off value to regroup the KIRC patients
(Additional file 1: Figure S2). The risk value (up) and
survival status (down) of each KIRC patient are shown
in Fig. 2a. The expression levels of the three FR-DELs
(DUXAPS, LINC02609, and LUCAT1) in the differen-
tial risk groups are shown in Fig. 2b. The K-M analyses
showed that patients with KIRC with high-risk val-
ues displayed worse OS (Fig. 2c). We then performed
receiver operating characteristic (ROC) curves to
assess the accuracy of the risk assessment model. The
area under the curve (AUC) of the risk assessment
model was comparable with the pathologic TNM and
pathologic stage (Fig. 2d).

Subsequently, we performed the same studies on
patients with KIRC in the validation group and the
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Fig. 1 Differential expression analyses. Differential expression analyses of KIRC (a DEGs. b FR-DEG. ¢ DELs). d Univariate Cox regression and K-M
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prognosis. d—f K-M plots of those 3 FR-DELs [DUXAP8 (d), LINC02609 (e), and LUCAT1(f)]

entire group. Similar results were observed in the vali-
dation group as well as the entire group (Fig. 2e-1).

Independent prognostic factors of OS
To determine the role of the risk assessment model and
clinicopathological features in prognostic prediction,
K-M and multivariate Cox regression analyses were
performed. The wvariable clinicopathological features
included age, sex, pathologic TNM, and pathologic stage.
In the training group, we found that age, pathologic
T, pathologic M, pathologic stage, and risk model were

correlated with OS by K-M analyses (Fig. 3a). The
pathologic M and the risk model were still correlated
with OS by multivariate Cox analyses (Fig. 3a). In the
validation and entire group, we also found that age,
pathologic T, pathologic N, pathologic M, overall path-
ologic stage, and risk model were correlated with OS by
K-M analyses (Fig. 3b, c). The pathologic TNM was still
correlated with the OS in the validation group (Fig. 3b).
Meanwhile, the pathologic M and the risk model were
still correlated with OS by multivariate Cox analyses
(Fig. 3¢).
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Fig. 2 Development and validation of prognosis INcCRNAs signature. Risk value and survival status (a), expression (b), K-M curve (c), ROC curve (d) of
the prognostic signature in the training group. Risk value and survival status (e), expression (f), K-M curve (g), and ROC curve (h) of the prognostic
signature in the validation group. Risk value and survival status (i), expression (j), K-M curve (k), and ROC curve (I) of the prognostic signature in the

We performed ROC curve analyses to assess the accu-
racy of the risk assessment model for all patients and
patients at 3, 5, and 10-year in the entire group. All AUC
values were over 0.7 (Fig. 3d-f).

Correlation analyses with clinicopathological features

We explored the relationship of the risk value and the
clinicopathological features in the entire group. In
doing so, we found that the risk values differed sig-
nificantly among patients with different clinicopatho-
logical features. Risk factors increased significantly in
KIRC patients over 65 years of age who were male, had
pathologic N1, and fell under the pathologic M1 groups
(Fig. 4a, b, d, e). There were also significant differences in
KIRC patients with different pathologic T and pathologic
stages (Fig. 4c¢, f).

We also explored the relationship between the expres-
sion of these three FR-DELs and their clinicopathologi-
cal features. The results are displayed in Fig. 4g—1. These
results indicated that the expression of these three

FR-DELs was significantly different among the different
clinicopathological features.

Functional enrichment and PCA

We performed PCA analyses to explore the distribution
of each case with a differential risk value. PCA analyses
were performed using the 62 FR-DEGs, 361 DELs, 46
FR-DEGs, 251 FR-DELs, and nine FR-DELs. The results
indicated that the KIRC patients with low-risk values
could be largely separated from the KIRC patients with
high-risk values (Fig. 5a—e). In particular, we clearly dis-
tinguished the high-risk values from the low-risk values
in patients with KIRC using the three FR-DELs as prog-
nostic signatures (Fig. 5f).

To explore the gene expression status between the
KIRC patients in the high-risk group and low-risk group,
we performed differentially expressed analyses using
DEseq?2 and identified 757 DEGs, including 493 upregu-
lated and 264 downregulated (Additional file 1: Figure
S3). Then, we used David 6.8 to carry out GO and KEGG
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Fig. 5 Principal component analyses. Principal component analysis plots displayed the distribution of patients with KIRC with high and low risk
values based on 62 FR-DEGs (a), 361 DELs (b), 46 FR-DEGs (c), 251 FR-DELs (d), 9 FR-DELs (e), and 3 FR-DELs (f). Blue means low risk. Red means high

enrichment analyses (Fig. 6a—d). The KEGG analysis
revealed that several signalling pathways related to can-
cer and ferroptosis were enriched, such as the p53 signal-
ling pathway (Fig. 6d).

Discussion
The main treatment for KIRC is surgery. However, almost
40% of patients with advanced KIRC who undergo sur-
gery will eventually develop distant metastases [28, 29].
The overall survival of patients with metastatic KIRC is
poor. Even prior to surgery, approximately 10% of KIRC
patients survive for only 5 years [30]. Previous studies
have suggested that even if the TNM stage or risk factors
are the same, they will show different clinical outcomes
due to molecular heterogeneity. Therefore, it is important
to identify suitable prognostic molecular signatures [31].
Ferroptosis is a recognised novel form of programmed
cell death which is involved in the migration, invasion,
and proliferation of several cancers [32-35]. Additionally,
several studies have demonstrated that IncRNAs play piv-
otal roles in the regulation of ferroptosis [36—40].

In the present study, we identified three FR-DELs
(DUXAPS, LINC02609, and LUCATI1) by filtering
using univariate Cox analyses, K-M analyses, LASSO

regression analyses, and multivariate Cox analyses. We
chose to use these as all of these could be used as prog-
nostic signatures for KIRC. We constructed a risk assess-
ment model using these three FR-DELs. KIRC patients
with high-risk values displayed worse OS. ROC curve
analyses also suggested that the AUC values of this model
were over 0.7. Moreover, Cox analysis revealed that the
risk model could be an independent prognostic factor.
PCA analyses further revealed that KIRC patients with
high-risk values were largely distinguishable from the
KIRC patients with high-risk values.

Gong et al. found that DUXAP8 promotes prolifera-
tion, migration, and invasion via miR-490-5P, RAB14,
HK2, LDHA, and EMT [41-44]. In renal cancer, Chen
et al. found that overexpression of DUXAP8 promotes
the growth of renal cancer [45, 46]. Huang et al. further
found that overexpression of DUXAPS8 promotes renal
cell proliferation by downregulating miR-126 expression.
In the present study, we found that DUXAPS8 expression
was significantly increased in patients with KIRC. These
results reinforce the correlation between DUXAP8 and
KIRC. In addition, we found that DUXAPS8 was corre-
lated with the OS of KIRC by LASSO regression, uni-
variate Cox, K-M, and multivariate Cox analyses. KIRC
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patients with high DUAPX8 expression displayed worse
OS. Chen et al. suggested that DUXAP8 may serve as a
potential prognostic signature for renal cancer [45]. Our
present results are consistent with previous studies which
also suggested that DUXAP8 could be a suitable prog-
nostic signature for KIRC.

He et al. found that LINC02609 was significantly
associated with OS in 258 patients with sarcoma [47].
In the present study, we found that the expression of
LINC02609 was significantly increased in KIRC patients
while it was also significantly increased in KIRC patients
with high-risk values. KIRC patients with high expres-
sion of LINC02609 exhibited worse OS. LINC02609 may
be a prognostic signature for KIRC. Additionally, Su et al.
found that the expression of LINC02609 was increased
not only in advanced stages and grades than in the early
stages and grades, but also in the tissues of tumour and
distant metastasis than in the normal and non-distant
metastasis control [48]. That same study also found that

LINC02609 has significant distant metastasis and prog-
nostic potential [48]. In the present study, we found that
the expression of LINC02609 was correlated with patho-
logic T, pathologic M, and pathologic stage. Our results
were consistent with those of previous studies, reinforc-
ing the correlation of LINC02609 with distant metasta-
sis. Su et al. found that LINC02609 could be used as a
prognostic signature for KIRC based on distant metasta-
sis-related IncRNAs. In the present study, we found that
LINC02609 could also be used as a prognostic signature
for KIRC based on ferroptosis and Cox regression analy-
ses. In the present study, we identified that LINC02609
could be a prognostic signature for KIRC, which further
indicated the close correlation between LINC02609 and
KIRC that has been alluded to in the existing literature.
Previous studies demonstrated that aberrant expres-
sion of LUCATT1 is correlated with several cancers. These
include pancreatic cancer, ovarian cancer, bladder cancer,
lung cancer, breast cancer, and renal cancer. Cao et al.
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found that LUCAT1 expression is increased in human
pancreatic cancer cell lines. The high expression of
LUCAT]1 enhances the pathogenesis of pancreatic cancer
and promotes the proliferation and invasion of pancre-
atic cancer cells by inducing the phosphorylation of Akt
and p38 MAPK [49]. Liu et al. also found that the expres-
sion of LUCAT1 was highly expressed in ovarian can-
cer cell lines [50]. The proliferation rate of the LUCAT1
knockdown group was significantly decreased, while
that of the LUCAT1 silencing group was significantly
increased [50]. Chen et al. found that the downregulation
of LUCAT1 could suppress the migration and invasion of
bladder cancer by targeting miR-181c-5p [51]. Regarding
renal cancer, Zheng et al. found that LUCAT1 expression
was also significantly increased compared with normal
tissue [52]. LUCAT1 promotes proliferation and inva-
sion of renal cancer through the AKT/GSK-3p signalling
pathway [52]. All of these studies indicate that LUCAT1
is closely correlated with the development of various can-
cers. Previous studies also demonstrated that LUCAT1
is correlated with OS and could be used as a prognostic
signature for several cancers, such as papillary thyroid
cancer, non-small lung cancer, and renal cancer. In the
present study, we found that the expression of LUCAT1
was significantly increased in KIRC patients and signifi-
cantly increased in KIRC patients with high-risk values.
The results of our present study were consistent with
those of previous studies, which reinforce the feasibility
of LUCAT1 as a prognostic signature for KIRC [53].

Our present study identified three FR-DELs (DUXAPS,
LINCO02609, and LUCAT1) as candidates for prognos-
tic signatures of KIRC. However, other studies have also
identified a number of other genes that may serve as
prognostic signatures for KIRC [54-57].

There are some limitations to the current study. For
example, in this study, the control group was smaller than
the experimental group. An increase in the sample size
would enhance the credibility of these results. Another
shortcoming of the current study is the lack of corrobo-
ration from clinical studies. This would be the focus of
the authors’ future research. Through sample collection,
candidate biomarker detection, and follow-up studies, we
shall further clarify their feasibility as a prognostic bio-
marker of KIRC.

Conclusions

Through a series of bioinformatics analyses, we identified
three FR-DELs (DUXAPS, LINC02609, and LUCATI1)
which can be used as prognostic signatures to predict the
outcome of patients with KIRC. Our study presented a new
research strategy for exploring the mechanism of ferropto-
sis. Moreover, this study provided an individualised prog-
nostic prediction for patients with KIRC. However, there
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were some limitations to this study, mostly due to the lack
of clinical validation.

Abbreviations

FR: Ferroptosis-related; DELs: Differentially expressed log; DEGs: Differentially
expressed genes; KIRC: Kidney renal clear cell carcinoma; FR-DELs: Ferroptosis-
related differently expressed long; ROS: Reactive oxygen species; INCRNAs:
Long non-coding RNAs; OS: Overall survival; TCGA: The Cancer Genome Atlas;
LASSO: Least absolute shrinkage and selection operator; PCA: Principal com-
ponent analyses; FR-DEGs: Ferroptosis-related differentially expressed genes;
GO: Gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; ROC:
Receiver operating characteristic; AUC: Area under curve.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512935-021-02284-1.

Additional file 1: Table S1. The correlation of DELs and FR-DEGs by
Spearman analysis. Table S2. Verified overall survival correlated FR-DELs
by univariate Cox analysis. Figure S1. LASSO regression analysis for those
89 FR-DELs verified by univariate Cox analyses and Kaplan-Meier analysis.
Figure S2. The verified optimal cutoff value was 15.962. Figure S3. Vol-
cano plot of DEGs for KIRC between high risk group and low risk group.

Acknowledgements
Not applicable.

Authors’ contributions

FL and XX conceived and designed the experiments; ZY and XX performed
the analyses; JO and CX helped to analyse the data; XX wrote the paper. All
authors read and approved the final manuscript.

Funding

This project is financially supported by Doctor Foundation of Hunan University
of Medicine (2020122004), Hunan Provincial Science and Technology Depart-
ment (20205K51202), China Postdoctoral Science Foundation (2020TQ0365).

Availability of data and materials
The data that support the findings of this study are openly available in TCGA at
https://portal.gdc.cancergov/.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

The First Affiliated Hospital, Hunan University of Medicine, Huaihua 418000,
Hunan, People’s Republic of China. 2School of Public Health and Laboratory
Medicine, Hunan University of Medicine, Huaihua 418000, Hunan, People’s
Republic of China.

Received: 24 June 2021 Accepted: 20 October 2021
Published online: 04 November 2021


https://doi.org/10.1186/s12935-021-02284-1
https://doi.org/10.1186/s12935-021-02284-1
https://portal.gdc.cancer.gov/

Xing et al. Cancer Cell Int

(2021) 21:591

References

1.

20.

21

22.

23.

24.

Sung H, et al. Global cancer statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin. 2021;71:209-49. https://doi.org/10.3322/caac.21660.

Bai X, Yi M, Dong B, Zheng X, Wu K. The global, regional, and national
burden of kidney cancer and attributable risk factor analysis from

1990 to 2017. Exp Hematol Oncol. 2020;9:27. https://doi.org/10.1186/
540164-020-00181-3.

Hu F, Zeng W, Liu X. A gene signature of survival prediction for kidney
renal cell carcinoma by multi-omic data analysis. Int J Mol Sci. 2019.
https://doi.org/10.3390/ijms20225720.

Hsieh JJ, et al. Renal cell carcinoma. Nat Rev Dis Primers. 2017;3:17009.
https://doi.org/10.1038/nrdp.2017.9.

Dixon SJ. Ferroptosis: bug or feature? Immunol Rev. 2017,277:150-7.
https://doi.org/10.1111/imr.12533.

Yagoda N, et al. RAS-RAF-MEK-dependent oxidative cell death involving
voltage-dependent anion channels. Nature. 2007;447:864-8. https://doi.
0rg/10.1038/nature05859.

Yu H, Guo P, Xie X, Wang Y, Chen G. Ferroptosis, a new form of cell
death, and its relationships with tumourous diseases. J Cell Mol Med.
2017;21:648-57. https://doi.org/10.1111/jcmm.13008.

Latunde-Dada GO. Ferroptosis: role of lipid peroxidation, iron and ferritin-
ophagy. Biochim Biophys Acta Gen Subj. 1861;1893-1900:2017. https://
doi.org/10.1016/j.bbagen.2017.05.019.

Cao JY, Dixon SJ. Mechanisms of ferroptosis. Cell Mol Life Sci.
2016;73:2195-209. https://doi.org/10.1007/s00018-016-2194-1.

Xie'Y, et al. Ferroptosis: process and function. Cell Death Differ.
2016;23:369-79. https://doi.org/10.1038/cdd.2015.158.

. Dixon SJ, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell

death. Cell. 2012;149:1060-72. https://doi.org/10.1016/j.cell.2012.03.042.
Sharma P, Shimura T, Banwait JK, Goel A. Andrographis-mediated
chemosensitization through activation of ferroptosis and suppression of
beta-catenin/Wnt-signaling pathways in colorectal cancer. Carcinogen-
esis. 2020;41:1385-94. https://doi.org/10.1093/carcin/bgaa090.
Markowitsch SD, et al. Artesunate inhibits growth of sunitinib-resistant
renal cell carcinoma cells through cell cycle arrest and induction of fer-
roptosis. Cancers. 2020. https://doi.org/10.3390/cancers12113150.
Zhang H, et al. CAF secreted miR-522 suppresses ferroptosis and
promotes acquired chemo-resistance in gastric cancer. Mol Cancer.
2020;19:43. https://doi.org/10.1186/512943-020-01168-8.

Fearnhead HO, Vandenabeele P, Vanden Berghe T. How do we fit ferropto-
sis in the family of regulated cell death? Cell Death Differ. 2017,24:1991-8.
https://doi.org/10.1038/cdd.2017.149.

Wu P, et al. Feasibility of cultivation of Spinibarbus sinensis with coconut
oil and its effect on disease resistance (nonspecific immunity, antioxida-
tion and mTOR and NF-kB signaling pathways). Fish Shellfish Immunol.
2019;93:726-31. https://doi.org/10.1016/}.f5.2019.06.052.

Su'Y, et al. Ferroptosis, a novel pharmacological mechanism of anti-cancer
drugs. Cancer Lett. 2020;483:127-36. https://doi.org/10.1016/j.canlet.
2020.02.015.

Xie B, Guo Y. Molecular mechanism of cell ferroptosis and research pro-
gress in regulation of ferroptosis by noncoding RNAs in tumor cells. Cell
Death Discov. 2021;7:101. https://doi.org/10.1038/541420-021-00483-3.
lyer MK, et al. The landscape of long noncoding RNAs in the human
transcriptome. Nat Genet. 2015;47:199-208. https://doi.org/10.1038/ng.
3192.

Han P, et al. A long noncoding RNA protects the heart from pathologi-
cal hypertrophy. Nature. 2014;514:102—-6. https://doi.org/10.1038/natur
e13596.

Tang X, et al. Long non-coding RNA (IncRNA) CRNDE regulated lipopoly-
saccharides (LPS)-induced MRC-5 inflammation injury through targeting
MiR-141. Med Sci Monit. 2020;26: €920928. https://doi.org/10.12659/
MSM.920928.

Zhai W, et al. LncRNA-SARCC suppresses renal cell carcinoma (RCC) pro-
gression via altering the androgen receptor(AR)/miRNA-143-3p signals.
Cell Death Differ. 2017;24:1502—17. https://doi.org/10.1038/cdd.2017.74.
Xiao ZD, et al. Energy stress-induced INcRNA FILNC1 represses c-Myc-
mediated energy metabolism and inhibits renal tumor development. Nat
Commun. 2017;8:783. https://doi.org/10.1038/s41467-017-00902-z.
Dong JS, Wu B, Jiang B. LncRNA SNHG7 promotes the proliferation and
inhibits apoptosis of renal cell cancer cells by downregulating CDKNTA.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44,

Page 10 of 11

Eur Rev Med Pharmacol Sci. 2019;23:10241-7. https://doi.org/10.26355/
eurrev_201912_19661.

You BH, et al. HERES, a IncRNA that regulates canonical and noncanoni-
cal Wnt signaling pathways via interaction with EZH2. Proc Natl Acad Sci
USA. 2019;116:24620-9. https://doi.org/10.1073/pnas.1912126116.

LiY, et al. Pan-cancer characterization of immune-related IncRNAs identi-
fies potential oncogenic biomarkers. Nat Commun. 2020;11:1000. https://
doi.org/10.1038/541467-020-14802-2.

MouY, et al. Ferroptosis, a new form of cell death: opportunities and chal-
lenges in cancer. J Hematol Oncol. 2019;12:34. https://doi.org/10.1186/
$13045-019-0720-y.

Porta C, et al. The adjuvant treatment of kidney cancer: a multidiscipli-
nary outlook. Nat Rev Nephrol. 2019;15:423-33. https://doi.org/10.1038/
s41581-019-0131-x.

Gupta K, Miller JD, Li JZ, Russell MW, Charbonneau C. Epidemiologic and
socioeconomic burden of metastatic renal cell carcinoma (mMRCC): a
literature review. Cancer Treat Rev. 2008;34:193-205. https://doi.org/10.
1016/j.ctrv.2007.12.001.

Turajlic S, Swanton C, Boshoff C. Kidney cancer: the next decade. J Exp
Med. 2018;215:2477-9. https://doi.org/10.1084/jem.20181617.

Requena DO, Garcia-Buitrago M. Molecular insights into colorectal carci-
noma. Arch Med Res. 2020;51:839-44. https://doi.org/10.1016/j.arcmed.
2020.09.014.

Lu D, et al. ACADSB regulates ferroptosis and affects the migration,
invasion, and proliferation of colorectal cancer cells. Cell Biol Int.
2020;44:2334-43. https://doi.org/10.1002/cbin.11443.

Wang Q, et al. RNA binding protein DAZAP1 promotes HCC progression
and regulates ferroptosis by interacting with SLC7A11 mRNA. Exp Cell
Res. 2021;399: 112453. https://doi.org/10.1016/j.yexcr.2020.112453.
Huang HX, et al. TFAP2A is a novel regulator that modulates ferroptosis in
gallbladder carcinoma cells via the Nrf2 signalling axis. Eur Rev Med Phar-
macol Sci. 2020;24:4745-55. https://doi.org/10.26355/eurrev_202005_
21163.

Wang X, et al. Death by histone deacetylase inhibitor quisinostat in
tongue squamous cell carcinoma via apoptosis, pyroptosis, and ferropto-
sis. Toxicol Appl Pharmacol. 2021;410: 115363. https://doi.org/10.1016/j.
taap.2020.115363.

Lu J, Xu F, Lu H. LncRNA PVT1 regulates ferroptosis through miR-214-me-
diated TFR1 and p53. Life Sci. 2020;260: 118305. https://doi.org/10.1016/j.
Ifs.2020.118305.

Mao C, et al. A G3BP1-interacting INcCRNA promotes ferroptosis and
apoptosis in cancer via nuclear sequestration of p53. Cancer Res.
2018;78:3484-96. https://doi.org/10.1158/0008-5472.CAN-17-3454.

Yang 'Y, et al. IncRNA ZFAS1 promotes lung fibroblast-to-myofibroblast
transition and ferroptosis via functioning as a ceRNA through miR-
150-5p/SLC38A1 axis. Aging. 2020;12:9085-102. https://doi.org/10.18632/
aging.103176.

. Wang M, et al. Long noncoding RNA LINC00336 inhibits ferroptosis in

lung cancer by functioning as a competing endogenous RNA. Cell Death
Differ. 2019;26:2329-43. https://doi.org/10.1038/541418-019-0304-y.

Gai C, et al. MT1DP loaded by folate-modified liposomes sensitizes
erastin-induced ferroptosis via regulating miR-365a-3p/NRF2 axis in non-
small cell lung cancer cells. Cell Death Dis. 2020;11:751. https://doi.org/
10.1038/541419-020-02939-3.

Zhang H, Chu K, Zheng C, Ren L, Tian R. Pseudogene DUXAP8 promotes
cell proliferation and migration of hepatocellular carcinoma by sponging
MiR-490-5p to induce BUBT expression. Front Genet. 2020;11:666. https://
doi.org/10.3389/fgene.2020.00666.

Du C, Wang HX, Chen P, Chen CH. STAT3-induced upregulation of INcRNA
DUXAPS functions as ceRNA for miR-577 to promote the migration and
invasion in colorectal cancer through the regulation of RAB14. Eur Rev
Med Pharmacol Sci. 2019;23:6105-18. https://doi.org/10.26355/eurrev_
201907_18424.

Yin D, Hua L, Wang J, LiuY, Li X. Long non-coding RNA DUXAPS8 facilitates
cell viability, migration, and glycolysis in non-small-cell lung cancer via
regulating HK2 and LDHA by inhibition of miR-409-3p. Onco Targets Ther.
2020;13:7111-23. https://doi.org/10.2147/OTT.S243542.

He W, YuY,Huang W, Feng G, Li J. The pseudogene DUXAP8 promotes
colorectal cancer cell proliferation, invasion, and migration by inducing
epithelial-mesenchymal transition through interacting with EZH2 and


https://doi.org/10.3322/caac.21660
https://doi.org/10.1186/s40164-020-00181-3
https://doi.org/10.1186/s40164-020-00181-3
https://doi.org/10.3390/ijms20225720
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1111/imr.12533
https://doi.org/10.1038/nature05859
https://doi.org/10.1038/nature05859
https://doi.org/10.1111/jcmm.13008
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.1016/j.bbagen.2017.05.019
https://doi.org/10.1007/s00018-016-2194-1
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1093/carcin/bgaa090
https://doi.org/10.3390/cancers12113150
https://doi.org/10.1186/s12943-020-01168-8
https://doi.org/10.1038/cdd.2017.149
https://doi.org/10.1016/j.fsi.2019.06.052
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1038/s41420-021-00483-3
https://doi.org/10.1038/ng.3192
https://doi.org/10.1038/ng.3192
https://doi.org/10.1038/nature13596
https://doi.org/10.1038/nature13596
https://doi.org/10.12659/MSM.920928
https://doi.org/10.12659/MSM.920928
https://doi.org/10.1038/cdd.2017.74
https://doi.org/10.1038/s41467-017-00902-z
https://doi.org/10.26355/eurrev_201912_19661
https://doi.org/10.26355/eurrev_201912_19661
https://doi.org/10.1073/pnas.1912126116
https://doi.org/10.1038/s41467-020-14802-2
https://doi.org/10.1038/s41467-020-14802-2
https://doi.org/10.1186/s13045-019-0720-y
https://doi.org/10.1186/s13045-019-0720-y
https://doi.org/10.1038/s41581-019-0131-x
https://doi.org/10.1038/s41581-019-0131-x
https://doi.org/10.1016/j.ctrv.2007.12.001
https://doi.org/10.1016/j.ctrv.2007.12.001
https://doi.org/10.1084/jem.20181617
https://doi.org/10.1016/j.arcmed.2020.09.014
https://doi.org/10.1016/j.arcmed.2020.09.014
https://doi.org/10.1002/cbin.11443
https://doi.org/10.1016/j.yexcr.2020.112453
https://doi.org/10.26355/eurrev_202005_21163
https://doi.org/10.26355/eurrev_202005_21163
https://doi.org/10.1016/j.taap.2020.115363
https://doi.org/10.1016/j.taap.2020.115363
https://doi.org/10.1016/j.lfs.2020.118305
https://doi.org/10.1016/j.lfs.2020.118305
https://doi.org/10.1158/0008-5472.CAN-17-3454
https://doi.org/10.18632/aging.103176
https://doi.org/10.18632/aging.103176
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1038/s41419-020-02939-3
https://doi.org/10.1038/s41419-020-02939-3
https://doi.org/10.3389/fgene.2020.00666
https://doi.org/10.3389/fgene.2020.00666
https://doi.org/10.26355/eurrev_201907_18424
https://doi.org/10.26355/eurrev_201907_18424
https://doi.org/10.2147/OTT.S243542

Xing et al. Cancer Cell Int (2021) 21:591

45.

46.

47.

48.

49.

50.

51

52.

H3K27me3. Onco Targets Ther. 2020;13:11059-70. https://doi.org/10.
2147/0TT.5235643.

Chen J, Lou W, Ding B, Wang X. Overexpressed pseudogenes, DUXAP8
and DUXAP9, promote growth of renal cell carcinoma and serve as
unfavorable prognostic biomarkers. Aging. 2019;11:5666-88. https://doi.
0rg/10.18632/aging.102152.

Huang T, et al. Long non-coding RNA DUXAP8 enhances renal cell
carcinoma progression via downregulating miR-126. Med Sci Monit.
2018;24:7340-7. https://doi.org/10.12659/MSM.910054.

He RQ, et al. Prediction of clinical outcome and survival in soft-tissue
sarcoma using a ten-IncRNA signature. Oncotarget. 2017,8:80336-47.
https://doi.org/10.18632/oncotarget.18165.

Su'Y, et al. Construction of competitive endogenous RNA network and
verification of 3-Key LncRNA signature associated with distant metastasis
and poor prognosis in patients with clear cell renal cell carcinoma. Front
Oncol. 2021;11: 640150. https://doi.org/10.3389/fonc.2021.640150.

Cao W, Zhang HF, Ding XL, Zhu SZ, Zhou GX. The progression of pancre-
atic cancer cells is promoted by a long non-coding RNA LUCAT1 by acti-
vating AKT phosphorylation. Eur Rev Med Pharmacol Sci. 2021;25:738-48.
https://doi.org/10.26355/eurrev_202101_24635.

Liu HZ, et al. LncRNA LUCAT1 promotes proliferation of ovarian cancer
cells by regulating miR-199a-5p expression. Eur Rev Med Pharmacol Sci.
2020;24:1682-7. https://doi.org/10.26355/eurrev_202002_20342.
ChenY, et al. Downregulation of long noncoding RNA LUCAT1 sup-
presses the migration and invasion of bladder cancer by targeting miR-
181c-5p. Biomed Res Int. 2020;2020:4817608. https://doi.org/10.1155/
2020/4817608.

Zheng Z, et al. Long non-coding RNA LUCAT1 promotes proliferation
and invasion in clear cell renal cell carcinoma through AKT/GSK-3beta

Page 11 of 11

signaling pathway. Cell Physiol Biochem. 2018;48:891-904. https://doi.
org/10.1159/000491957.

53. Xiao H, et al. Long non-coding RNA Lucat1 is a poor prognostic factor
and demonstrates malignant biological behavior in clear cell renal cell
carcinoma. Oncotarget. 2017;8:113622-34. https://doi.org/10.18632/
oncotarget.21185.

54. He HT, et al. Biomarker and competing endogenous RNA potential of
tumor-specific long noncoding RNA in chromophobe renal cell carci-
noma. Onco Targets Ther. 2016;9:6399-406. https://doi.org/10.2147/OTT.
S116392.

55. Wang, Yan K, Wang L, Bi J. Genome instability-related long non-
coding RNA in clear renal cell carcinoma determined using compu-
tational biology. BMC Cancer. 2021;21:727. https://doi.org/10.1186/
$12885-021-08356-9.

56. Khadirnaikar S, et al. Immune associated LncRNAs identify novel prognos-
tic subtypes of renal clear cell carcinoma. Mol Carcinog. 2019;58:544-53.
https://doi.org/10.1002/mc.22949.

57. QiY, et al. Tumor-infiltrating CD39(+)CD8(+) T cells determine poor
prognosis and immune evasion in clear cell renal cell carcinoma patients.
Cancer Immunol Immunother. 2020;69:1565-76. https://doi.org/10.1007/
500262-020-02563-2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.2147/OTT.S235643
https://doi.org/10.2147/OTT.S235643
https://doi.org/10.18632/aging.102152
https://doi.org/10.18632/aging.102152
https://doi.org/10.12659/MSM.910054
https://doi.org/10.18632/oncotarget.18165
https://doi.org/10.3389/fonc.2021.640150
https://doi.org/10.26355/eurrev_202101_24635
https://doi.org/10.26355/eurrev_202002_20342
https://doi.org/10.1155/2020/4817608
https://doi.org/10.1155/2020/4817608
https://doi.org/10.1159/000491957
https://doi.org/10.1159/000491957
https://doi.org/10.18632/oncotarget.21185
https://doi.org/10.18632/oncotarget.21185
https://doi.org/10.2147/OTT.S116392
https://doi.org/10.2147/OTT.S116392
https://doi.org/10.1186/s12885-021-08356-9
https://doi.org/10.1186/s12885-021-08356-9
https://doi.org/10.1002/mc.22949
https://doi.org/10.1007/s00262-020-02563-2
https://doi.org/10.1007/s00262-020-02563-2

	Development and validation of ferroptosis-related lncRNAs prognosis signatures in kidney renal clear cell carcinoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Data processing
	Sample processing
	Development of lncRNAs as prognosis signatures
	Risk assessment model construction
	Principal component analyses and functional enrichment
	Statistical analyses

	Results
	Differential expression analyses
	Development and validation of prognosis lncRNAs signatures
	Independent prognostic factors of OS
	Correlation analyses with clinicopathological features
	Functional enrichment and PCA

	Discussion
	Conclusions
	Acknowledgements
	References




