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Background: Cuproptosis has been reported as a new form of cell death. However, its potential mechanism 
of action in clear cell renal cell carcinoma (ccRCC) remains unclear. Therefore, we systematically clarified 
the role of cuproptosis in ccRCC and aimed to develop a novel signature of cuproptosis-related long 
noncoding RNAs (lncRNA) (CRLs) to assess the clinical characteristics of ccRCC patients.
Methods: Gene expression, copy number variation, gene mutation, and clinical data for ccRCC were 
obtained from The Cancer Genome Atlas (TCGA). CRL signature was constructed with least absolute 
shrinkage and selection operator (LASSO) regression analysis. The clinical diagnostic value of the signature 
was verified by clinical data. The prognostic value of the signature was detected by Kaplan-Meier analysis 
and receiver operating characteristic (ROC) curve. The prognostic value of the nomogram was evaluated 
by calibration curves, ROC curves, and decision curve analysis (DCA). Gene set enrichment analysis 
(GSEA), single sample GSEA (ssGSEA) and cell type identification by estimating relative subsets of RNA 
transcripts (CIBERSORT) algorithm were used to analyze the differences of immune function and immune 
cell infiltration among different risk groups. Prediction of clinical treatment differences in populations 
with different risks and susceptibilities was completed with R package (The R Foundation of Statistical 
Computing). Verification of key lncRNA expression was performed by quantitative real-time polymerase 
chain reaction (qRT-PCR). 
Results: The cuproptosis-related genes were extensively dysregulated in ccRCC. A total of 153 
differentially expressed prognostic CRLs were identified in ccRCC. Furthermore, a 5-lncRNA signature 
(AC015912.3, AC026401.3, AC103706.1, AC134312.5, and EMX2OS) were obtained that showed good 
performance in the diagnosis and prognosis of ccRCC. The nomogram could more accurately predict overall 
survival (OS). Immune functions such as T-cell and B-cell receptor signaling pathways showed differences 
between different risk groups. Clinical treatment value analysis showed that the signature may be able to 
effectively guide immunotherapy and target therapy. In addition, qRT-PCR results showed significant 
differences in the expression of key lncRNAs in ccRCC.
Conclusions: Cuproptosis plays an important role in the progression of ccRCC. The 5-CRL signature can 
guide the prediction of clinical characteristics and tumor immune microenvironment of ccRCC patients.
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Introduction

Clear cell renal cell carcinoma (ccRCC) is the most 
common type of renal cell carcinoma, which is considered 
to originate from renal tubular epithelial cells. It is the third 
largest tumor disease in the urinary system, and the incidence 
is increasing each year (1,2). At present, there are a series of 
treatments for ccRCC, including surgical resection, targeted 
drug therapy, and new immunotherapy (3). For surgical 
treatment, 30% of patients with localized ccRCC (i.e., stage 
I–III) develop recurrence and metastasis after surgical tumor 
resection (4). For drug treatment, different patients have 
different responses to treatment. Therefore, it is essential 
to explore the potential mechanism of ccRCC, identify new 
biomarkers for different populations, and construct more 
effective prognostic targets for diagnosis and treatment.

Copper is one of the key trace elements in human body, 
and it is also a cofactor of many key enzymes in cells. Rae et al.  
found that there are specific mechanisms to regulate the 

homeostasis of copper ions in cells (5). Kim et al. reviewed 
recent developments and found that copper ions were toxic 
to the body when they exceeded a certain threshold (6). Ge 
et al.’s literature review found that patients with cancer have 
higher levels of copper in serum and tissue samples, and 
intracellular copper levels can affect the progress of cancer, 
suggesting that copper ions play an important role in the 
occurrence and development of cancer (7). Recently, Tsvetkov 
et al. proposed a new type of cell death called cuproptosis (8).  
This cell death mode does not depend on the previously 
studied signaling pathways such as apoptosis (9), cell  
necrosis (10), cell pyroptosis (11), or ferroptosis (12). The 
mechanism involves copper ions directly binding to the fatty 
acylation components of the tricarboxylic acid cycle (TCA), 
resulting in toxic protein stress and ultimately cell death (13). 
This is consistent with the previous finding of Wettersten 
et al. who reported that there is a reprogramming of related 
metabolic pathways in renal clear cell carcinoma (14).

Long noncoding RNA (lncRNA) is a noncoding RNA 
of more than 200 nucleotides in length (15). It affects 
gene transcription and translation through a variety of 
biological processes. A growing body of evidence indicates 
that lncRNA plays an important role in the development 
and prognosis of tumors (16). Xue et al. found that the 
mitotically-associated lncRNA MANCR could play an 
important influence on the progression of ccRCC by 
constructing a prognostic lncRNA model (17). In addition, 
Zhang et al. found that the cuproptosis-associated lncRNA 
signature could be used to predict the immune infiltration 
and prognosis of bladder cancer patients by systematically 
analyzing the expression characteristics of cuproptosis-
associated lncRNA (18). However, the mechanism of 
cuproptosis gene and its related lncRNA in ccRCC remains 
unclear. 

In the present study, we constructed an assessment 
signature containing 5 cuproptosis-related lncRNAs 
(CRLs) and evaluated its value for the diagnosis, prognosis 
prediction, and clinical treatment of ccRCC. The results 
showed that the signature has great application potential 
and may provide guidance for clinical precision treatment. 
We present the following article in accordance with the 
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TRIPOD reporting checklist (available at https://tau.
amegroups.com/article/view/10.21037/tau-23-65/rc).

Methods

Expression profile and clinical data acquisition 

The transcripts per kilobase per million (TPM) format 
gene expression matrix, nucleotide mutation, copy number 
variation (CNV) data, and clinical information data of 
ccRCC were downloaded from The Cancer Genome Atlas 
(TCGA) database (https://portal.gdc.cancer.gov/). The gene 
matrix included 537 ccRCC tissues and 72 adjacent tissues. 
Clinical information included age, gender, clinical stage, 
nuclear grade, T stage, M stage, N stage, survival status, and 
survival time of 539 patients. R software (The R Foundation 
of Statistical Computing) was used to annotate the RNA 
sequencing (RNA-seq) data. For different expression values 
of the same gene, we selected the average value for analysis 
and then screened the expression matrix of messenger 
RNA (mRNA) and lncRNA. The gene expression matrix 
data were normalized by log transformation. The “limma” 
package (19) in R software was used to correct the gene 
expression matrix data we download.

Twenty pairs of tissue samples were collected from 
ccRCC patients who underwent partial/radical nephrectomy 
in the Department of Urology at the First Hospital of 
Shanxi Medical University from June 2021 to December 
2021. These tissue samples were taken from postoperative 
specimens of these patients. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the Ethics Committee 
of the First Hospital of Shanxi Medical University (No. 
2021K034), and all patients provided written informed 
consent. The inclusion criteria for patients were the 
following: patients did not receive preoperative radiotherapy, 
chemotherapy, molecular targeted therapy, or other 
antitumor treatment; the diagnosis of ccRCC was confirmed 
by histopathology; and patient clinical information (e.g., 
age, sex, T stage, nuclear grade) was complete. 

Analysis of cuproptosis-related gene expression 
characteristics

The expression matrix of 10 cuproptosis key genes was 
extracted from all RNA-seq expression matrix data. In 
order to study the function of cuproptosis key genes in 

ccRCC, the “limma” R package was used to identify the 
differential expression levels of cuproptosis key genes 
between ccRCC tissues and normal kidney tissues. P<0.05 
was considered statistically significant. In R, the software 
packages “pheatmap” and “boxplot” packages were used to 
visualize the expression level and differences in cuproptosis 
gene, the “corrplot” package was used to conduct Spearman 
correlation analysis to determine the potential correlation of 
10 cuproptosis-related genes, the “RCircos” and “maftools” 
packages were used to visualize the mutations in key genes 
of cuproptosis, and the “survival” package was used to 
detect the prognostic value of key differentially expressed 
cuproptosis genes.

Consensus clustering of CRLs 

The CRLs related to prognosis were screened by Cox 
regression analysis for further analysis. The prognostic 
differentially expressed CRLs were screened by Wilcoxon 
signed rank test and Pearson correlation analysis. The 
threshold was set as correlation coefficient |R| >0.4 and 
P<0.001. In order to verify whether patients with ccRCC 
can be grouped by key CRLs, we performed consensus 
clustering by using R “ConsensusClusterPlus” package. The 
cell type identification by estimating relative subsets of RNA 
transcripts (CIBERSORT) and estimation of stromal and 
immune cells in malignant tumor tissues using expression 
data (ESTIMATE) algorithms were used to evaluate the 
immune cell infiltration and tumor microenvironment 
between different groups (20,21).

Construction of the CRL signature 

To establish an effective prognostic model, 530 patients 
with ccRCC with survival data were randomly divided into a 
training cohort and testing cohort at a 1:1 ratio. Finally, 266 
people were included in the training cohort, and 264 people 
were included in the testing cohort. The clinical features 
between groups can be found in Table 1. The lncRNA 
scoring formula related to cuproptosis was constructed 
through the training cohort, and the prognosis prediction 
ability of the scoring formula was evaluated through the 
testing cohort and TCGA total cohort. A lncRNA scoring 
formula was constructed by least absolute shrinkage and 
selection operator (LASSO) regression analysis. The 
formula was as follows: risk score = ∑Coef lncRNA × Exp 
lncRNA, where Coef is the regression coefficient.

https://tau.amegroups.com/article/view/10.21037/tau-23-65/rc
https://tau.amegroups.com/article/view/10.21037/tau-23-65/rc
https://portal.gdc.cancer.gov/
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The prognostic value of the CRL signature 

Univariate Cox and multivariate Cox regression analyses 
were used to evaluate whether the scoring formula could 
be used as an independent prognostic factor. The patients 
were divided into a low-risk group and a high-risk group 
according to the median risk score, and the overall survival 
(OS) between the 2 groups was compared by log-rank test. 
T-distributed stochastic neighbor embedding (t-SNE) was 
used to visualize the distribution characteristics of different 
risk groups. The stability of the model was evaluated by the 

testing cohort and TCGA cohort. The “ROC” R package 
was used to draw the receiver operating characteristic (ROC) 
curve, and the area under the curve (AUC) showed the 
specificity and sensitivity of the model.

Construction of the prognostic nomogram 

By combining the risk score and prognostic-related clinical 
variables (age, grade, and stage), we used R software “rms” 
package to construct a prognostic map that could predict 
the 1-, 3-, and 5-year survival rates of patients with ccRCC. 

Table 1 Clinical characteristics of patients with ccRCC involved in the study

Characteristics Training cohort (N=266) Testing cohort (N=264) TCGA cohort (N=530)

Age (years), n (%)

≤65 183 (17.3) 165 (15.6) 348 (32.8)

>65 83 (7.8) 99 (9.3) 182 (17.2)

Gender, n (%)

Female 95 (9.0) 92 (8.7) 187 (17.6)

Male 171 (16.1) 172 (16.2) 343 (32.4)

Grade, n (%)

G1–2 116 (10.9) 126 (11.9) 242 (22.8)

G3–4 145 (13.7) 135 (12.7) 280 (26.4)

Unknown 5 (0.5) 3 (0.3) 8 (0.8)

Stage, n (%)

Stage I–II 161 (15.2) 162 (15.3) 323 (30.5)

Stage III–IV 102 (9.6) 102 (9.6) 204 (19.2)

Unknown 3 (0.3) 0 (0.0) 3 (0.3)

T stage, n (%)

T1–2 171 (16.1) 170 (16.0) 341 (32.2)

T3–4 95 (9.0) 94 (8.9) 189 (17.8)

M stage, n (%)

M0 210 (19.8) 210 (19.8) 420 (39.6)

M1 40 (3.8) 38 (3.6) 78 (7.4)

Unknown 16 (1.5) 16 (1.5) 32 (3.0)

N stage, n (%)

N0 113 (10.7) 126 (11.9) 239 (22.5)

N1 7 (0.7) 9 (0.8) 16 (1.5)

Unknown 146 (13.8) 129 (12.2) 275 (25.9)

ccRCC, clear cell renal cell carcinoma; TCGA, The Cancer Genome Atlas.
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We evaluated the reliability and accuracy of the plot by 
calibration curve, ROC, curve and, decision curve analysis 
(DCA) analysis.

The tumor microenvironment prediction value of the CRL 
signature 

According to the median risk score, patients with ccRCC 
were divided into a low-risk group and high-risk group. 
Gene set enrichment analysis (GSEA) software (version 
4.1.0; http://www.broad.mit.edu/gsea/) was used to 
analyze the differential pathways between the high- and 
low-risk groups. Thresholds were set as adjusted P<0.05 
and false discovery rate (FDR) <0.25. The activity of 13 
immune-related pathways was calculated by single-sample 
GSEA (ssGSEA) using the “GSVA” package in R, while 
the “limma” package was used to analyze the expression 
differences of immune checkpoint genes between the 
high- and low-risk groups. The CIBERSORT algorithm 
was used to calculate the level of immune cell infiltration, 
and Pearson correlation analysis was used to detect the 
correlation between the risk score and immune cell 
infiltration level. 

The clinical therapy prediction value of the CRL signature 

In order to evaluate the role of the predictive risk score in 
predicting the clinical treatment of patients with ccRCC, we 
analyzed the expression levels of key genes that may affect 
the efficacy of immunosuppressant programmed cell death 
protein 1 (PD-1) in the high- and low-risk groups, and used 
the R package “pRRophetic” to predict the half maximum 
inhibitory concentration (IC50) of the common targeted 
drugs in clinical treatment (22). The Wilcoxon signed-rank 
test was used to compare the IC50 values between the low-

risk group and the high-risk group.

Quantitative real-time polymerase chain reaction (qRT-
PCR) 

The clinical tissues were immediately transferred to 
RNA protection solution after resection. Total RNA 
was extracted from tissues and cell lines with the TRIzol 
method. A Droplight304 (Azanno Biotech) spectrometer 
was used to determine RNA concentration and purity. The 
RNA template was reversely transcribed using a PCR kit 
(AUQ01; TransGen Biotech) to detect the expression levels 
of 5 lncRNAs (AC015912.3, AC026401.3, AC103706.1, 
AC134312.5, EMX2OS) and the internal reference gene 
GAPDH. Quantitative PCR was performed using a real-
time fluorescent quantitative PCR instrument (7500 Fast 
Dx Real-Time PCR, Applied Biosystems, Thermo Fisher 
Scientific). Primers designed with National Center for 
Biotechnology Information (NCBI) Primer Basic Local 
Alignment Search Tool (BLAST) are shown in Table 2.

Statistical analysis 

All statistical analyses were performed with R software 
(version 4.1.3). The expression differences of key 
cuproptosis genes and lncRNAs in cancer tissues and paired 
adjacent normal tissues were analyzed by t-test. Univariate 
Cox regression analysis was used to identify the prognostic 
value of key genes and lncRNAs in cuproptosis. LASSO 
regression analysis was used to screen key lncRNAs in 
cuproptosis to construct a predictive scoring formula. 
Kaplan-Meier method and log-rank test were used to 
analyze the survival rate of patients in different groups. R 
software was used to perform heatmap, GSEA, survival 
curve, ROC curve, plot, calibration curve, and DCA curve 

Table 2 Primer sequences

Gene Forward primer Reverse primer

AC015912.3 CTGAAGCCGTCAGGAAGTCA GGTCGCGAGGATGCTCTAAA

AC026401.3 GAATTACGCTGCGATGGTGG AAGCCTCTTTGACCAGAAGCC

AC103706.1 TGCAGTTATTCAGCCCTCCC TTAGCATCAAAGCGCTGCAC

AC134312.5 TGACCTGGGAAAAGCCCATC AGAACAGATGCAGCACGGAA

EMX2OS ATCCCTCCTCAGAACCCCTC AAACATGCAAAGACCGTGCC

GAPDH GTCCACCACCCTGTTGCTGTA ACCCACTCCTCCACCTTTGA



Translational Andrology and Urology, Vol 12, No 4 April 2023 627

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2023;12(4):622-641 | https://dx.doi.org/10.21037/tau-23-65

analyses. P<0.05 was considered statistically significant.

Results

Expression characteristics of cuproptosis-related genes in 
ccRCC

The analysis flowchart of this study is shown in Figure 1.  

First, we analyzed the expression of 10 cuproptosis-
related genes in TCGA cohort. The results showed that 
cuproptosis-related genes were generally dysregulated in 
ccRCC, among which the CDKN2A gene was upregulated 
in tumor tissues, and FDX1, DLD, DLAT, PDHA1, PDHB, 
MTF1, and GLS were downregulated in tumor tissues 
(Figure 2A). We also drew a heatmap of gene expression 

Figure 1 Analysis flowchart of this research. TCGA, The Cancer Genome Atlas; KIRC, Kidney Renal Clear Cell Carcinoma; lncRNA, long 
noncoding RNA; DElncRNAs, differentially expressed lncRNAs; LASSO, least absolute shrinkage and selection operator; ROC, receiver 
operating characteristic; t-SNE, t-distributed stochastic neighbor embedding; GSEA, gene set enrichment analysis; K-M, Kaplan-Meier; 
qRT-PCR, quantitative real-time polymerase chain reaction; DCA, decision curve analysis; Unicox, univariate Cox analysis; Multicox, 
multivariate Cox analysis; ICI, immune checkpoint inhibitor.
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(Figure 2B) which showed the same pattern. Subsequently, 
we performed correlation analysis on the expression trend 
of cuproptosis-related genes, and the results showed that 
most genes showed a positive correlation, among which 

DLAT had the strongest correlation with DLD (correlation 
=0.85), and CDKN2A had a negative correlation with the 
other genes (Figure 2C). Then we sorted out the CNV 
information of 380 cases of patients with ccRCC in TCGA 

Figure 2 Expression characteristics of cuproptosis-related genes in TCGA-KIRC data set. (A,B) Cuproptosis-related gene expression 
differences and heatmap. (C) Correlation analysis of cuproptosis-related genes. The red color indicates a positive correlation, and the blue 
color indicates a negative correlation. (D) Frequency of copy number variation (amplification and deletion) of cuproptosis-related genes. (E) 
Position of cuproptosis-related genes on 23 chromosomes. (F) The SNP of cuproptosis-related genes. Different colors represent different 
mutation types. The number on the left side of the bar chart above represents the tumor mutation load, while the percentage on the right 
side represents the mutation frequency. (G) The prognostic value of cuproptosis-related genes. **, P<0.01; ***, P<0.001. TPM, transcripts 
per kilobase per million; ns, not significant; N, normal tissue; T, tumor tissue; CNV, copy number variation; TMB, tumor mutation burden; 
Ins, insertion; Del, deletion; TCGA, The Cancer Genome Atlas; KIRC, Kidney Renal Clear Cell Carcinoma; SNP, single-nucleotide 
polymorphism.

10

8

6

4

2

0

Th
e 

ex
pr

es
si

on
 le

ve
ls

  
Lo

g 2
 (T

P
M

 +
 1

)

FDX1 LIAS LIPT1 DLD DLAT PDHA1 PDHB MTF1 GLS CDKN2A

***

ns ns

***
***

***

***

***
***

**

Normal 
Tumor

Type

CDKN2A*** 

MTF1** 

LIAS 

LIPT1 

GLS*** 

PDHA1*** 

PDHB*** 

FDX1*** 

DLD*** 

DLAT***

4

2

0

−2

−4

Type
N
T

CDKN2A 

MTF1 

LIAS 

LIPT1 

GLS 

PDHA1 

PDHB 

FDX1 

DLD 

DLAT

C
D

K
N

2A
 

M
TF

1 

LI
A

S
 

LI
P

T1
 

G
LS

 

P
D

H
A

1 

P
D

H
B

 

FD
X

1 

D
LD

 

D
LA

T

1.0

0.8

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

−0.8

−1.0

10

8

6

4

2

0

C
N

V.
fr

eq
ue

nc
y,

 %

Gain Loss

GLS DLD
LIA

S
M

TF
1

PDHB

PDHA1

LIP
T1

CDKN2A
FD

X1
DLA

T

X Y

222120

19
18

17

16

15

14

13

12

11

10 9 8

7

6

5

4

3

2

1

P
D

H
A

1

M
TF

1

LIPT1

GLS

PDHB

LIAS

D
LD

C
D

K
N

2A

D
LA

T
FD

X1

81

0TM
B

DLD 
LIAS 

MTF1 
PDHA1 
PDHB 

GLS 
FDX1 
LIPT1 
DLAT 

CDKN2A

1%
1%
1%
0%
0%
0%
0%
0%
0%
0%

Altered in 10 (3.03%) of 330 samples

No. of samples
0 3

Missense_Mutation 
Frame_Shift_lns 
Nonsense_Mutation

In_Frame_Del 
Multi_Hit

C>T
C>G
C>A

T>A
T>C
T>G

FDX1 

LIAS 

LIPT1 

DLD 

DLAT 

PDHA1 

PDHB 

MTF1 

GLS 

CDKN2A

<0.001 

<0.001 

0.022 

<0.001 

<0.001 

0.015 

<0.001 

<0.001 

0.201 

<0.001

P value Hazard ratio (95% CI)
0.948 (0.928–0.968) 

0.938 (0.909–0.969) 

0.942 (0.895–0.992) 

0.986 (0.979–0.993) 

0.969 (0.957–0.981) 

0.989 (0.980–0.998) 

0.972 (0.956–0.989) 

0.924 (0.889–0.961) 

0.997 (0.993–1.001) 

1.018 (1.012–1.024)

0.8 1.0
Hazard ratio

A B

C D E

F G

1.2



Translational Andrology and Urology, Vol 12, No 4 April 2023 629

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2023;12(4):622-641 | https://dx.doi.org/10.21037/tau-23-65

database. The results showed that there were varying 
degrees of CNV in cuproptosis-related genes, and most of 
them had copy number deletion. Among them, the PDHB 
gene had the highest frequency of copy number deletion, 
which could reach 8%, but the frequency of copy number 
amplification was small. Among them, the GLS gene had 
the highest frequency of copy number amplification, but at 
less than 2% (Figure 2D). The location of the genes in the 
chromosome is shown in Figure 2E. In addition, we also 
analyzed the single-nucleotide polymorphism (SNP) of 
330 patients with ccRCC in TCGA database. The results 
showed that 10 patients had mutations in the key genes 
of cuproptosis, most of which were deletion mutations, 
and the frequency of the DLD mutation was the highest 
(Figure 2F). In addition, combined with the clinical data 
of patients, we studied the prognostic value of 8 genes 
related to cuproptosis in patients with ccRCC. The results 
showed that all genes, except the GLS gene, showed good 
prognostic predictive ability (Figure 2G).

Key CRL screening

Pearson correlation analysis was used to screen 465 
differentially expressed CRLs (Figure 3A) in TCGA data 
set. Subsequently, we analyzed the prognosis of the 465 
CRLs, and 153 CRLs (Table S1) were screened and found 
to be significantly correlated with the survival prognosis. 
We constructed a forest map of the top 10 positive and top 
10 negative correlation genes (Figure 3B). In addition, we 
also identified the top 20 lncRNAs closely related to survival 
and prognosis using a heatmap and differential expression 
map, with the results indicating significant differences  
(Figure 3C,3D).

Consensus clustering analysis based on the key CRLs
 

According to the expression similarity of 153 selected key 
CRLs, we conducted consensus clustering analysis on 
530 patients with ccRCC and found that the cumulative 

Figure 3 Screening of the key CRLs. (A) A total of 465 DElncRNAs were associated with cuproptosis genes. (B) Single-factor analysis of 
the DElncRNAs related to cuproptosis. The forest map of the top 20 prognosis-related DElncRNAs is shown. (C,D) Differential expression 
and heatmap of the DElncRNAs related to the top 20 prognostic cuproptosis genes. *, P<0.05; **, P<0.01; ***, P<0.001. lncRNA, long 
noncoding RNA; CRLs, cuproptosis-related lncRNAs; DElncRNAs, differentially expressed lncRNAs.
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distribution function (CDF) value was small when k=2 
(Figure 4A-4C). Subsequently, we performed clinical 
correlation analysis on the consistent clustering results. 
The results showed that different clustering groups were 
closely related to a variety of clinical traits of patients, 
including stage and grade of tumors. Moreover, the 
prognosis of patients with different clustering groups was 
also significantly different (P=0.013; Figure 4D,4E). In 
addition, we used the CIBERSORT algorithm to evaluate 
the immune cell infiltration level of consistent clustering 
results. We found that there were a variety of immune cell 
infiltration differences across the different clustering groups, 
among which CD8 T cells, resting CD4 memory T cells, and 
M2 macrophages had higher infiltration levels and significant 
differences across the different groups (Figure 4F). In 
addition, we used the ESTIMATE algorithm to analyze the 
tumor microenvironment of the different clustering groups. 
The results showed that there were differences in tumor 
microenvironment scores and immune scores between the 
different clustering groups. Interestingly, we found that there 
was no significant difference in matrix scores between the 2 
clustering groups (Figure 4G). These results show that the 
grouping identified by key CRLs may provide new predictive 
indicators for the clinical and prognostic prediction of 
patients, which warrants further study.

Construction of a CRL signature and prognostic evaluation 

A total of 530 patients with ccRCC were randomly divided 
into a training cohort (n=266) and a testing cohort (n=264). 
We then used the training cohort to perform LASSO 
regression analysis on 153 CRLs and constructed a CRL 
signature containing 5 CRLs (Table S2). The scoring 
method was as follows: risk score = AC015912.3 × 0.011 + 
AC026401.3 × 0.015 + AC103706.1 × 0.068 + AC134312.5 
× 0.103 – EMX2OS × 0.011. The risk score of each patient 
was calculated according to the 5-CRL signature. According 
to the median risk score, patients with ccRCC were divided 
into a low-risk group and a high-risk group. Kaplan-Meier 
survival analysis showed that patients with ccRCC in the low-
risk group had better clinical prognosis than did those in the 
high-risk group. The training cohort (Figure 5A), testing 
cohort (Figure 5B), and total TCGA cohort (Figure S1A) 
showed significant differences in prognosis (training cohort 
P<0.001; testing cohort P=0.007; total TCGA cohort 
P<0.001). In addition, we used the ROC curve to predict 
the accuracy of the 5-CRL signature. The results showed 
that the signature could accurately predict the survival 

rate of patients in the training cohort, testing cohort, and 
the total TCGA cohort (Figure 5C,5D; Figure S1B). In 
addition, the risk assessment results show that the survival 
state of patients with a high score was poor (Figure 5E,5F; 
Figure S1C). The t-SNE analysis results showed that there 
were significant differences between the high- and low-
risk patients as distinguished by risk score (Figure 5G,5H;  
Figure S1D). Combined with the clinical parameters of age, 
gender, tumor stage, and grade of patients with ccRCC in 
TCGA data cohort, we conducted univariate and multivariate 
Cox analysis, and the results showed that the 5-CRL signature 
related to cuproptosis could be used as an independent 
prognostic factor for patients (Figure 5I,5J). These conclusions 
were verified in the testing cohort and the total TCGA cohort 
(Figure 5K,5L; Figure S1E,S1F; Table S3).

Correlation between the 5-CRL signature and clinical 
characteristics 

After studying the relationship between risk score and 
clinical parameters, we found that the risk score was closely 
related to the stage, grade, and TNM status of patients with 
ccRCC, and high risk was usually accompanied by higher 
stage, grade, and TNM status (Figure 6A). In addition, 
compared with those in the low-risk group, patients 
with ccRCC in the high-risk group usually had a higher 
proportion of AC015912.3, AC026401.3, AC103706.1, and 
AC134312.5 (Figure 6A). We then analyzed whether there 
were differences in risk scores among patients with different 
clinical traits. The results showed there were significant 
differences in risk scores among tumor patients with 
different genders, grading stages, staging grades, and TNM 
stages, but not for age (Figure 6B-6H; Figure S2). Among 
them, the risk scores of male patients were generally higher, 
and the risk scores of patients with higher grades and stages 
were higher. We also found that people with higher immune 
infiltration scores tended to have higher risk scores. These 
results showed that the risk score was closely related to the 
clinical characteristics of patients with ccRCC, suggesting 
that the signature may be a key indicator for clinical 
prediction of patients with ccRCC.

Stratified prognostic value of the 5 CRL signature 

We assessed whether the prognostic value of the 5-CRL 
signature was still applicable in clinical parameter groups 
stratified by gender (female and male), age (≤65 and  
>65 years), stage (I–II and III–IV), grade (I–II and III–IV), 
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Figure 4 The TCGA-KIRC data set was clustered by key CRLs. (A-C) Consensus clustering results showed that ccRCC patients could 
be nicely divided into 2 clusters. (D) Heatmap of key the expression of CRLs and the correlation map of clinicopathological features in the 
2 clusters. (E) Kaplan-Meier survival curves of the 2 clusters. (F) Differences in immune cell infiltration levels between the 2 clusters. (G) 
Differences in tumor microenvironment between the 2 clusters. **, P<0.01; ***, P<0.001; NS, no significant. ccRCC, clear cell renal cell 
carcinoma; CDF, cumulative distribution function; ns, not significant; ESTIMATE, estimation of stromal and immune cells in malignant 
tumor tissues using expression data; NK, natural killer; TCGA, The Cancer Genome Atlas; KIRC, Kidney Renal Clear Cell Carcinoma; 
CRLs, cuproptosis-related long noncoding RNAs.
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Figure 6 Correlation between the 5-CRL signature and clinical pathological characteristics. (A) Clinical correlation analysis between 
different risk scores and patients. (B-H) Differences in risk scores among different clinical parameters. *, P<0.05; **, P<0.01; ***, P<0.001. 
CRL, cuproptosis-related long noncoding RNA. 

T stage (T1–2 and T3–4), M stage (M0 and M1), and N 
stage (N0 and N1). The results showed that in most clinical 
parameter groups, there were significant differences in 
survival prognosis between the high- and low-risk patients. 
Patients in the high-risk group had worse survival prognosis, 
but there was no significant difference between low-grade, 
N1, and M1 between the groups (Figure 7; Figure S3).

Construction and verification of the prognostic nomogram

By combining the clinical parameters closely related to the 
prognosis of patients, including gender, grade, stage, and 
the 5-CRL signature, we created a clinically applicable 
prediction tool to improve the accuracy of predicting the 
survival rate of patients with ccRCC. The nomogram 
was used to predict the 1-, 3-, and 5-year survival rates 
of patients with ccRCC (Figure 8A). Subsequently, we 
demonstrated the predictive ability of the prediction tool for 
1-, 3-, and 5-year survival rates through calibration curves 
and ROC. The results showed that the nomogram had 
excellent prognostic accuracy for 1-, 3-, and 5-year survival 
rates (the AUCs were 0.857, 0.816, and 0.770, respectively; 
Figure 8B,8C). Furthermore, we applied DCA to evaluate 

the clinical applicability of the prediction tool more 
accurately. The results of DCA showed that the nomogram 
had better net benefit and a wider threshold probability 
range for predicting the 1-, 3-, and 5-year survival rates of 
patients. In addition, the nomogram provided better clinical 
benefit than did the 5-CRL signature (Figure 8D-8G).

Evaluation of tumor immunity based on the 5 CRL 
signature 

The patients with high and low scores were grouped, and 
the function analysis of the genes between groups was 
carried out with GSEA software. The function analysis 
results showed that the lipid metabolism pathway in the 
high-risk group was suppressed, suggesting that there 
might be metabolic abnormalities in the high-risk group. 
Meanwhile, the receptor signaling pathways of T cells and 
B cells were activated in the low-risk group, suggesting 
that there might be abnormal immune-related functions in 
the high-risk group (Figure 9A). Based on the differences 
in immune-related functions between the high- and low-
risk groups, we further analyzed the differences in immune-
related functions, immune cell infiltration, and the tumor 

https://cdn.amegroups.cn/static/public/TAU-23-65-Supplementary.pdf
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Figure 7 Survival outcomes of patients with ccRCC stratified by various clinicopathological features. The differences in OS between high- 
and low-risk groups according to gender (A,B), age (C,D), stage (E,F), grade (G,H), T stage (I,J), N0 stage (K), and M0 stage (L). ccRCC, 
clear cell renal cell carcinoma; OS, overall survival.

microenvironment between patients with high- and low-
risk scores. First, we analyzed the enrichment level and 
activity of immune cells, pathways, and functions in ccRCC. 
The results showed that there were significant differences 
in the expression of various immune indexes between 
the low-risk group and the high-risk groups (Figure 9B). 
Subsequently, we further analyzed the expression levels 
of immune checkpoints between the low-risk group and 
the high-risk group. By retrieving the expression of 34 key 
immune checkpoints between the high-risk group and the low-
risk group, we found that there were differences in multiple 
immune checkpoint molecules between the groups (Figure 9C). 
In addition, we also studied the correlation between the risk 
score and immune cell infiltration. The results showed that 
memory B cells, M0 macrophages, plasma cells, activated 
CD4 memory T cells, CD8 T cells, regulatory T cells, and 

follicular helper T cells were positively correlated with the 
risk score. M1 macrophages, M2 macrophages, resting mast 
cells, monocytes, resting natural killer (NK) cells, resting 
CD4 memory T cells, eosinophils, activated dendritic cells, 
and resting dendritic cells were negatively correlated with 
the risk score (Figure 9D-9G, Figure S4).

Evaluation of the drug sensitivity of patients based on the 
5-CRL signature 

Based on the abnormality of multiple immune checkpoint 
molecules between the high- and low-risk patients, 
we analyzed the sensitivity of these patients to clinical 
treatment. First, we analyzed the expression of gene targets 
that may affect the therapeutic effect of the immune 
checkpoint inhibitor (ICI) PD-1 in high- and low-risk 

https://cdn.amegroups.cn/static/public/TAU-23-65-Supplementary.pdf


Translational Andrology and Urology, Vol 12, No 4 April 2023 635

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2023;12(4):622-641 | https://dx.doi.org/10.21037/tau-23-65

0                 10                20                30                40                50                60                70                80                90               100

25    30    35    40    45    50    55    60    65    70    75    80    85    90

G1

G2

G3

G4

Stage II

Stage I Stage III

Stage IV

0              2             4              6              8             10            12            14            16            18            20            22

0           20          40          60          80 100        120        140        160        180        200        220        240        260        280

0.99 0.9 0.8 0.7 0.6 0.5 0.40.3 0.2 0.1

0.99 0.9 0.8 0.7 0.6 0.5 0.40.3 0.2 0.1

0.9 0.8 0.7 0.6 0.5 0.40.3 0.2 0.10.99

Points 

Age 

Grade 

stage 

Risk score 

Total points 

1-year survival 

3-year survival 

5-year survival

1.0

0.9

0.8

0.7

0.6

O
bs

er
ve

d 
fr

ac
tio

n 
su

rv
iv

al
 p

ro
ba

bi
lit

y

0.75   0.80   0.85   0.90   0.95
Nomogram predicted survival probability

1-year 
3-year 
5-year

1.0

0.8

0.6

0.4

0.2

0.0

S
en

si
tiv

ity

0.0     0.2     0.4     0.6     0.8     1.0
1–Specificity

1-year AUC: 0.857 
3-year AUC: 0.816 
5-year AUC: 0.770

0.3

0.2

0.1

0.0

0.00      0.25      0.50      0.75      1.00
Risk threshold

N
et

 b
en

ef
it

Nomogram DCA

1-year-DCA 
3-year-DCA 
5-year-DCA 
All-1-year 
All-3-year 
All-5-year 
None

0.15

0.10

0.05

0.00

0.00      0.25      0.50      0.75      1.00
Risk threshold

N
et

 b
en

ef
it

1-year DCA

Nomogram 
Riskscore 
All 
None

0.25

0.20

0.15

0.10

0.05

0.00

0.00      0.25      0.50      0.75      1.00
Risk threshold

N
et

 b
en

ef
it

3-year DCA

Nomogram 
Risk score 
All 
None

0.4

0.3

0.2

0.1

0.0

0.00      0.25      0.50      0.75      1.00
Risk threshold

N
et

 b
en

ef
it

5-year DCA

Nomogram 
Risk score 
All 
None

A

B C D

E F G

Figure 8 The construction and verification of the nomogram based on the 5-CRL signature. (A) The prognostic nomogram was constructed 
based on the 5-CRL signature and clinical pathological parameters to predict the 1-, 3-, and 5-year OS rate of patients with ccRCC. (B) The 
1-, 3-, and 5-year nomogram calibration curve. The 45-degree line represents the ideal prediction. (C) The ROC curve of the nomogram. 
(D-G) DCA analysis showed the clinical benefit of the nomogram at 1, 3, and 5 years. AUC, area under the curve; DCA, decision curve 
analysis; CRL, cuproptosis-related long noncoding RNA; OS, overall survival; ccRCC, clear cell renal cell carcinoma; ROC, receiver 
operating characteristic.

patients. The results showed that the expression level of 
PBRM1, a treatment-related sensitivity gene, was low in the 
high-risk group, suggesting that the high-risk group might 
receive a better therapeutic effect from PD-1 (Figure 10A). 
The expression levels of MSH2, MSH6, MLH1, and PMS2, 
a DNA mismatch repair-related gene, were significantly lower 
in the high-risk group, suggesting that patients could receive a 

better therapeutic benefit from PD-1 (Figure 10B-10E). The 
expression of EGFR in the treatment-related burst gene was 
lower in the high-risk group (Figure 10F), suggesting that 
PD-1 treatment was safer. We also analyzed the sensitivity 
of high-risk and low-risk patients to commonly used clinical 
targeted drugs. The results showed that the high-risk 
group was more sensitive to sunitinib (Figure 10G) while 



Chen et al. A cuproptosis-related lncRNA signature for ccRCC636

© Translational Andrology and Urology. All rights reserved.   Transl Androl Urol 2023;12(4):622-641 | https://dx.doi.org/10.21037/tau-23-65

the low-risk group was more sensitive to sorafenib and 

pazopanib (Figure 10H,10I). These results show that the 

5-CRL signature can be used as an independent prognostic 

indicator and may have important clinical application value.

Tumor tissue validation 

Twenty pairs of ccRCC and adjacent normal tissue 
samples were verified by qRT-PCR. The results showed 
that the relative expression of AC015912.3, AC026401.3, 
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Figure 9 Functional enrichment analysis based on the different risk groups. (A) GSEA analysis based on the different risk groups. (B) Differential 
immune function analysis based on the different risk groups. (C) Differences in the expression of immune checkpoints based on the different risk 
groups. (D-G) Correlation analysis between the risk score and immune cell infiltration. *, P<0.05; **, P<0.01; ***, P<0.001. GO, Gene Ontology; BP, 
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AC103706.1, and AC134312.5 in renal cell carcinoma was 
significantly higher than that in normal renal tissue, and 
the relative expression of EMX2OS in renal cell carcinoma 
was significantly lower than that in adjacent normal tissue 
(P<0.001; Figure 11). This suggests that AC015912.3, 
AC026401.3, AC103706.1, and AC134312.5 are cancer-
promoting factors, while EMX2OS is a tumor-suppressor 

factor. These results are consistent with our previous analysis, 
but more samples are needed to verify these suppositions.

Discussion

ccRCC is one of the most common malignant tumors in the 
urinary system. In recent years, tremendous progress has 
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been made in the treatment of ccRCC, and breakthroughs 
have been made in surgery and drug therapy (23). However, 
the early diagnosis, prognostic prediction, and clinical 
effect in ccRCC still require further study. Recently, 
cuproptosis has been discovered to be a novel type of cell 
death regulation, similar to ferroptosis. This pattern has 
been found to influence the progression of cancer disease. 
A review by Jiang et al. showed that copper ions can exert 
anti-tumor effects, suggesting that copper death may play 
a key role in the treatment of tumor diseases (24). Some 
studies have suggested that copper death-related genes play 
a key role in predicting clinical outcome in renal clear cell 
carcinoma (25,26). However, few studies have investigated 
the function of cuproptosis-related CRLs in ccRCC. In this 
paper, a 5-CRL signature was established based on these 
lncRNAs, and its prediction efficiency was evaluated.

In this study, we first examined the expression and 
mutation characteristics of 10 key cuproptosis genes in 

ccRCC in TCGA cohort. We found that cuproptosis genes 
were extensively dysregulated in ccRCC tumors, and most 
genes were significantly correlated with the prognosis of 
patients. Subsequently, we screened 153 characteristic 
prognostic lncRNAs related to cuproptosis genes by 
combining correlation analysis and Cox prognostic analysis. 
After the consensus clustering of patients with ccRCC 
using 153 key CRLs, we found that it was productive to use 
key CRLs to divide patients with ccRCC into 2 clusters. 
Subsequently, we used LASSO regression to screen the key 
CRLs and then identified and constructed the signature 
containing 5 lncRNAs. Patients with ccRCC were divided 
into a low-risk group and high-risk group with the 5-CRL 
signature. The results showed that the total survival time 
of patients in the high-risk group was shorter than that of 
patients in the low-risk group. The results of univariate and 
multivariate Cox analyses also suggested that the scoring 
formula could be used as an independent risk factor for 

Figure 11 qRT-PCR analysis of the expression of 5 lncRNAs [AC015912.3 (A), AC026401.3 (B), AC103706.1 (C), AC134312.5 (D), and 
EMX2OS (E)] from 20 patients with ccRCC. qRT-PCR, quantitative real-time polymerase chain reaction; lncRNA, long noncoding RNA; 
ccRCC, clear cell renal cell carcinoma.
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predicting survival results. These results were verified in the 
testing cohort and TCGA total cohort, suggesting that the 
scoring formula could be used as a prognostic indicator. In 
addition, by analyzing the relationship between different 
clinical parameters and the 5-CRL signature, we found that 
there were significant differences in clinical parameters 
between the high- and low-risk groups, suggesting that 
the signature could be used as an indicator for clinical 
prediction. In addition, the 5-CRL signature has also 
been shown to be associated with OS in different clinical 
subgroups of ccRCC, including those of age, gender, 
grading, staging, T stage, N stage, and M stage. We thus 
established a nomogram including the risk score to calculate 
the 1-, 3-, and 5-year survival rates of patients with ccRCC, 
aiming to predict the prognosis of patients with ccRCC 
more accurately. The calibration curve and ROC suggested 
that the line chart had high accuracy, and the DCA decision 
curve suggested that it had higher sensitivity. 

Cuproptosis-related lncRNAs have been found to 
be important in assessing immune function and tumor 
microenvironment in ccRCC patients. Chi et al. found 
that cuproptosis-related lncRNAs can predict the 
immune microenvironment of patients with Pancreatic 
adenocarcinoma (27). Therefore, we examined the power of 
the 5-CRLs signature to detect the immune characteristics 
of ccRCC patients. GSEA function enrichment analysis 
between the high- and low-risk groups showed that there 
were significant differences in in the levels of multiple 
metabolic pathways among different populations. 
Interestingly, there were also significant differences in 
immune function. The ssGSEA results suggest that there 
are differences in various immune characteristics among 
different risk populations, such as immune checkpoints. 
Therefore, we analyzed the levels of immune checkpoint 
expression across groups and found that there were 
significant differences in immune checkpoint expression. 
The correlation analysis between immune infiltration and 
risk score showed that macrophages M0 and Tregs cells 
were significantly positively correlated with risk score. 
This suggests that the high-risk group has more dormant 
macrophages and more immunosuppressive Tregs. These 
analyses suggest that patients in the high-risk group may 
have a higher probability of immune escape, thereby 
contributing to the development of neoplastic disease.

Cuproptosis-related lncRNAs have also been identified 
as important in guiding clinical treatment of tumor patients. 
Chen et al. found that cuproptosis-related lncRNAs 

can predict drug therapy response in hepatocellular  
carcinoma (28). Through this feature, we identified the 
differences in the sensitivity of patients in the high- and low-
risk groups to common chemotherapy and immunotherapy 
drugs. A clinical trial study has reported that patients with 
the PBRM1 gene mutation are more sensitive to PD-1 
inhibitors, resulting in significantly improved therapeutic 
effect (29). This study found that PBRM1 gene expression 
was lower in high-risk group, suggesting that the high-
risk group may be more sensitive to PD-1 treatment. One 
study has shown that DNA mismatch repair genes play 
an important role in the ICI therapy of ccRCC (30). The 
results showed that there were significant differences in DNA 
mismatch repair genes between the different risk groups. 
In addition, a study has found that EGFR amplification can 
cause the outbreak of PD-1 treatment (31). In our study, 
the proportion of EGFR in the high-risk groups was 
significantly lower, indicating that PD-1 treatment in high-
risk groups is safer. In addition, by studying the targeted 
chemotherapy drug sensitivity between high- and low-risk 
groups, we found that there were also significant differences. 
The high-risk population is sensitive to sunitinib, and 
the low-risk population is more sensitive to sorafenib and 
pazopanib, which provides the basis for the selection of 
clinical chemotherapy strategy. Subsequently, we verified 
the results through experiments, which showed that 
AC015912.3, AC026401.3, AC103706.1 and AC134312.5 
were highly expressed in tumor tissues, while EMX2OS 
was poorly expressed in tumor tissues. Wang et al. found 
that lncRNA can enhance the resistance of hepatocellular 
carcinoma to targeted drugs through related pathways (32). 
Chen et al. confirmed that overexpression of EMX2OS 
can inhibit the growth of Wilms’ tumor in vitro (33).  
These findings suggest that the key lncRNAs we have 
identified may play an important role in the progression of a 
variety of tumors, but the regulatory mechanisms in ccRCC 
need further study.

Cuproptosis is a newly discovered type of cell death, the 
understanding of which can provide new insights for tumor 
research. However, our research has some limitations. Since 
we did not find a large-sample data sets with clinical data 
and gene expression, we only use TCGA database for model 
construction and validation. Therefore, the applicability of 
the 5-CRL signature needs to be tested using other public 
data sets or data sets collected by ourselves. In addition, 
the mechanism of key lncRNA contained in the 5-CRL 
signature in ccRCC needs to be verified by more in vivo and 
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in vitro experiments in the future.

Conclusions

In this study, based on the expression characteristics 
of cuproptosis genes, we further identified CRLs, and 
constructed a 5-CRL signature. The results show that the 
signature can be used as an indicator to predict the diagnosis 
and prognosis of patients with ccRCC. It provides direction 
for the potential regulatory mechanisms of ccRCC and new 
horizons for clinical immunological drugs and targeted drug 
therapy strategies for patients with ccRCC.
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Supplementary

Figure S1 Evaluation of the CRL signature in total TCGA cohort. (A) Overall survival rate of different risk score groups in the total TCGA 
cohort; (B) ROC curve of the total TCGA cohort; (C) the total TCGA cohort risk score and survival scatterplot; (D) the t-SNE distribution 
in the total TCGA cohort; (E) univariate Cox forest map for the total TCGA cohort; (F) multivariate Cox forest map for the total TCGA 
cohort. AUC, area under the curve; t-SNE, t-distributed stochastic neighbor embedding; CRL, cuproptosis-related long noncoding RNA; 
TCGA, The Cancer Genome Atlas.
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Figure S2 Differences in risk scores by age (A) and cluster (B).

Figure S3 The differences in OS between the high- and low-risk groups according to N1 stage (A) and M1 stage (B). OS, overall survival.
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Figure S4 Correlation analysis between the risk score and immune cell infiltration. NK, natural killer.
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Table S1 The cuproptosis-related prognosis DElncRNAs

Gene HR (95% CI) P value

LINC02595 1.565 (1.209–2.025) 0.000679925

PINK1-AS 0.864 (0.798–0.935) 0.000277118

AC021483.2 0.492 (0.382–0.633) 3.43E–08

AC015912.3 1.183 (1.129–1.24) 2.30E–12

AC016831.1 1.069 (1.045–1.094) 9.95E–09

AC016877.3 1.29 (1.122–1.483) 0.000348672

LINC02027 0.885 (0.843–0.929) 7.00E–07

LINC02569 0.501 (0.353–0.713) 0.000120216

LINC01963 0.948 (0.918–0.978) 0.000921454

CTBP1-DT 0.909 (0.861–0.959) 0.000539569

TNFRSF10A-AS1 0.928 (0.891–0.966) 0.000311317

EPB41L4A-DT 0.832 (0.791–0.876) 1.69E–12

LINC01711 1.064 (1.049–1.08) 7.96E–17

LINC00886 0.824 (0.748–0.907) 8.29E–05

AC018809.2 0.65 (0.529–0.799) 4.26E–05

AC112493.1 2.023 (1.426–2.869) 7.80E–05

AC112721.2 1.079 (1.049–1.109) 8.93E–08

AL078581.2 0.827 (0.763–0.897) 3.91E–06

AL133355.1 0.857 (0.808–0.909) 3.21E–07

LINC02195 1.197 (1.12–1.28) 1.26E–07

OTUD6B-AS1 0.939 (0.912–0.966) 1.28E–05

AC107308.1 1.063 (1.038–1.09) 8.03E–07

MKLN1-AS 0.845 (0.767–0.932) 0.000728425

AL451164.2 0.314 (0.187–0.527) 1.16E–05

AC108673.3 1.059 (1.037–1.082) 8.01E–08

AC092295.2 0.769 (0.659–0.898) 0.000865784

AC017076.1 1.058 (1.027–1.09) 0.000207033

AC098484.1 0.848 (0.798–0.9) 6.91E–08

SNHG8 0.995 (0.992–0.997) 6.48E–05

AC104211.2 0.875 (0.819–0.934) 6.74E–05

AC064807.1 0.814 (0.738–0.898) 4.01E–05

AL135818.2 1.673 (1.375–2.035) 2.73E–07

EIF3J-DT 0.918 (0.883–0.954) 1.61E–05

AL162377.1 0.558 (0.451–0.691) 7.71E–08

AC005332.6 0.977 (0.966–0.988) 4.98E–05

Table S1 (continued)

Table S1 (continued)

Gene HR (95% CI) P value

AL078644.2 0.71 (0.59–0.853) 0.00026011

EDRF1-DT 0.309 (0.19–0.5) 1.81E–06

AL133215.2 2.043 (1.702–2.452) 1.80E–14

LINC00941 1.114 (1.081–1.148) 2.23E–12

UGDH-AS1 0.776 (0.692–0.87) 1.46E–05

AP001625.2 0.863 (0.796–0.936) 0.000386563

AC034236.3 1.849 (1.483–2.305) 4.64E–08

MANCR 1.06 (1.039–1.082) 1.62E–08

AC116021.1 1.948 (1.658–2.288) 4.84E–16

SNHG4 1.264 (1.166–1.37) 1.29E–08

AL132800.1 0.697 (0.589–0.825) 2.70E–05

AC112721.1 1.106 (1.063–1.151) 8.34E–07

DHRS4-AS1 0.969 (0.952–0.985) 0.000247212

MYOSLID 1.032 (1.02–1.043) 5.56E–08

AC018647.2 0.929 (0.89–0.969) 0.000681983

AC026992.2 0.737 (0.639–0.851) 3.24E–05

PPP1R12A-AS1 0.658 (0.52–0.833) 0.000495515

NNT-AS1 0.908 (0.871–0.946) 5.46E–06

AC073896.4 1.011 (1.005–1.017) 0.000178064

AP001160.3 0.836 (0.777–0.9) 1.69E–06

AL731577.2 0.593 (0.489–0.72) 1.29E–07

AC097639.1 0.68 (0.568–0.814) 2.57E–05

AC103746.1 0.737 (0.619–0.878) 0.00063198

AC007743.1 0.832 (0.767–0.903) 9.85E–06

AC099850.4 1.032 (1.021–1.044) 2.69E–08

AC112220.2 0.774 (0.695–0.862) 3.28E–06

SNHG3 1.042 (1.031–1.053) 5.53E–14

AC121338.2 0.695 (0.618–0.78) 8.92E–10

AC016394.3 1.176 (1.109–1.248) 7.71E–08

AC080038.2 1.166 (1.113–1.221) 6.25E–11

FAM160A1-DT 0.787 (0.687–0.901) 0.000506828

SNHG29 0.998 (0.997–0.999) 0.000985994

AC013451.2 1.31 (1.19–1.442) 3.47E–08

LINC01812 1.206 (1.117–1.303) 1.88E–06

Table S1 (continued)
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Table S1 (continued)

Gene HR (95% CI) P value

AC018752.1 0.863 (0.816–0.913) 3.29E–07

DNMBP-AS1 0.497 (0.351–0.704) 8.21E–05

AC007365.1 0.7 (0.57–0.86) 0.000671567

LYPLAL1-DT 0.501 (0.353–0.713) 0.000117909

LIFR-AS1 0.814 (0.73–0.908) 0.000217501

AC005034.6 0.887 (0.83–0.947) 0.000353458

FAM225B 4.192 (2.636–6.666) 1.42E–09

AC026401.3 1.069 (1.052–1.087) 3.11E–15

USP27X-AS1 0.762 (0.681–0.852) 1.75E–06

NAPA-AS1 0.85 (0.78–0.926) 0.000212555

UBL7-AS1 0.75 (0.64–0.878) 0.000357837

AC007637.1 0.851 (0.781–0.927) 0.000207958

TRAM2-AS1 0.931 (0.903–0.96) 4.99E–06

AC015922.2 0.976 (0.964–0.989) 0.000225266

AC124242.1 0.554 (0.415–0.739) 5.94E–05

AL161782.1 0.612 (0.521–0.719) 2.33E–09

AC007376.2 0.598 (0.446–0.803) 0.000626628

LINC02446 1.047 (1.029–1.065) 1.20E–07

LINC01132 0.644 (0.54–0.768) 9.79E–07

GNG12-AS1 0.458 (0.337–0.621) 5.44E–07

APCDD1L-DT 1.031 (1.022–1.041) 1.17E–10

AC095055.1 0.634 (0.536–0.75) 1.02E–07

AP001922.5 0.735 (0.626–0.862) 0.000150883

LINC01624 0.094 (0.027–0.326) 0.000200994

AC103706.1 1.23 (1.175–1.288) 8.69E–19

AC008555.1 0.839 (0.78–0.904) 3.20E–06

AC005291.1 1.057 (1.033–1.082) 2.57E–06

AL606489.1 0.897 (0.843–0.955) 0.000634993

AC009486.1 0.692 (0.561–0.854) 0.000612335

CNIH3-AS2 1.163 (1.11–1.218) 1.66E–10

AC073254.1 0.584 (0.442–0.77) 0.000141176

AC006213.1 0.264 (0.139–0.499) 4.31E–05

PLBD1-AS1 0.896 (0.846–0.949) 0.000180431

AC005670.3 0.875 (0.819–0.934) 6.79E–05

Table S1 (continued)

Table S1 (continued)

Gene HR (95% CI) P value

LINC00571 0.764 (0.652–0.895) 0.000863463

AC104109.2 0.64 (0.511–0.802) 0.000100522

RGMB-AS1 1.597 (1.391–1.832) 2.67E–11

SEPTIN7-DT 0.701 (0.589–0.833) 5.81E–05

AL449423.1 3.16 (2.063–4.84) 1.23E–07

AC120114.1 0.767 (0.667–0.882) 0.000191843

U91328.1 0.846 (0.789–0.907) 2.62E–06

AP001372.2 0.885 (0.847–0.926) 8.28E–08

LINC02725 1.178 (1.105–1.255) 4.51E–07

AC017100.1 0.792 (0.697–0.9) 0.000353668

EMX2OS 0.971 (0.962–0.98) 3.92E–10

AP003068.2 0.887 (0.838–0.938) 2.84E–05

AC008543.1 0.479 (0.327–0.703) 0.000168705

BDNF-AS 0.668 (0.564–0.791) 2.85E–06

LINC02454 1.234 (1.162–1.31) 5.41E–12

LINC01852 0.808 (0.715–0.913) 0.0006294

AC005291.2 1.039 (1.024–1.054) 1.93E–07

MIR100HG 1.05 (1.03–1.07) 6.35E–07

AC115522.1 0.633 (0.49–0.817) 0.000438064

SNHG1 1.012 (1.006–1.018) 0.000162164

AC079922.2 1.258 (1.177–1.346) 1.90E–11

AC124067.2 1.082 (1.048–1.116) 8.01E–07

AC093278.2 0.956 (0.94–0.972) 9.14E–08

PARAL1 2.324 (1.647–3.278) 1.56E–06

STX17-AS1 0.836 (0.757–0.922) 0.000364766

ATP1A1-AS1 0.76 (0.688–0.839) 5.83E–08

AL355312.4 1.079 (1.045–1.114) 2.53E–06

AC242426.2 0.701 (0.571–0.861) 0.000725064

AC079848.1 0.606 (0.481–0.764) 2.24E–05

LINC00665 0.935 (0.9–0.971) 0.000575704

AC068870.2 0.958 (0.937–0.979) 0.000124853

RAP2C-AS1 0.668 (0.544–0.82) 0.000110803

FAM225A 2.74 (2.077–3.615) 1.01E–12

LINC00460 1.035 (1.026–1.044) 1.34E–14

Table S1 (continued)
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Table S1 (continued)

Gene HR (95% CI) P value

PICSAR 1.068 (1.04–1.097) 1.01E–06

CDK6-AS1 1.125 (1.086–1.166) 5.52E–11

ITGA9-AS1 0.566 (0.417–0.767) 0.000241135

SUCLG2-AS1 0.619 (0.474–0.808) 0.000412821

SGMS1-AS1 0.649 (0.546–0.771) 8.66E–07

WDFY3-AS2 0.903 (0.865–0.942) 2.74E–06

AC073130.1 2.964 (1.893–4.64) 2.01E–06

LINC01671 0.986 (0.981–0.991) 2.12E–07

AC006058.3 1.271 (1.156–1.398) 6.83E–07

KIAA1671-AS1 0.742 (0.652–0.845) 6.88E–06

LINC02657 1.044 (1.027–1.06) 8.01E–08

AC008669.1 0.881 (0.832–0.932) 1.07E–05

AC005224.3 1.364 (1.212–1.536) 2.79E–07

AL162171.1 0.786 (0.701–0.882) 3.97E–05

AC134312.5 1.162 (1.078–1.254) 9.59E–05

LINC01801 0.783 (0.7–0.875) 1.70E–05

DElncRNAs, differentially expressed lncRNAs; HR, hazard ratio; 
CI, confidence interval.
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Table S2 The Ensembl ID, coefficients, HRs and P values of 5 cuproptosis-related lncRNAs

LncRNA Ensembl ID Coef
Unicox

HR (95% CI) P value

AC015912.3 ENSG00000274213 0.011 1.183 (1.129–1.240) 2.300E–12

AC026401.3 ENSG00000280206 0.015 1.070 (1.052–1.087) 3.109E–15

AC103706.1 ENSG00000261220 0.068 1.230 (1.175–1.288) 8.686E–19

AC134312.5 ENSG00000261327 0.102 1.162 (1.078–1.254) 9.591E–05

EMX2OS ENSG00000229847 −0.011 0.971 (0.962–0.980) 3.922E–10

LncRNAs, long noncoding RNAs; Coef, coefficient; HR, hazard ratio; CI, confidence interval; Unicox, univariate Cox analysis.

Table S3 Univariate and multivariate Cox regression analysis of the association between clinicopathological factors (including risk score) and OS of ccRCC patients in 

the training, testing and overall cohorts

Variables

Training cohorts Testing cohorts Overall cohorts

Univariate Multivariate Univariate Multivariate Univariate Multivariate

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Age 1.027  

(1.008–1.046)

0.004 1.030  

(1.009–1.050)

0.004 1.036  

(1.017–1.057)

<0.001 1.035  

(1.013–1.058)

0.002 1.032  

(1.018–1.045)

<0.001 1.032  

(1.017–1.047)

<0.001

Gender 1.222  

(0.761–1.960)

0.407 1.158  

(0.711–1.866)

0.556 0.767  

(0.505–1.166)

0.215 0.822  

(0.536–1.261)

0.37 0.950  

(0.695–1.298)

0.748 0.944  

(0.686–1.299)

0.724

Grade 2.577  

(1.881–3.530)

<0.001 1.225  

(0.834–1.799)

0.3 2.054  

(1.574–2.680)

<0.001 1.331  

(0.988–1.795)

0.06 2.279  

(1.859–2.795)

<0.001 1.465  

(1.164–1.843)

0.001

Stage 1.943  

(1.596–2.365)

<0.001 1.631  

(1.291–2.061)

<0.001 1.816  

(1.518–2.172)

<0.001 1.627  

(1.324–2.000)

<0.001 1.863  

(1.633–2.126)

<0.001 1.622  

(1.394–1.889)

<0.001

Risk score 3.703  

(2.719–5.043)

<0.001 2.578  

(1.751–3.798)

<0.001 1.229  

(1.142–1.323)

<0.001 1.150  

(1.060–1.248)

0.001 1.288  

(1.212–1.370)

<0.001 1.192  

(1.111–1.279)

<0.001

OS, overall survival; ccRCC, clear cell renal cell carcinoma; HR, hazard ratio; CI, confidence interval.


