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China, 2Department of Laboratory Medicine, Fujian Medical University Union Hospital, Fujian Medical
University, Fuzhou, Fujian, China

Objective: This study aims to develop a model for long non-coding RNA
(lncRNA) associated with cuproptosis and assess the efficacy of immunotherapy
and chemotherapy in children with Wilms tumor (WT) based on individualized
risk scores.

Methods:Datawas obtained from the online database. Cox proportional hazards
analysis and LASSO Cox regression were employed to generate cuproptosis-
related lncRNA signatures. Patients were classified into high- and low-risk
groups and clinical outcomes were further analysed. Tumor mutation burden
and immunoinfiltration were calculated and potential immunotherapy response
was evaluated. The sensitivity of immunotherapy and chemotherapy was
ultimately analyzed based on individual risk scores associated with cuproptosis.

Results: A eight cuproptosis-related lncRNAs signature was established and
high-risk group showed a worse prognosis than the low-risk group. This model
showed a good diagnostic performance. Low-risk group displayed an elevated
tumor immune dysfunction and was more sensitive to 13 drugs.

Conclusion: The current study introduces a novel approach for predicting
clinical prognosis and determining the appropriate therapy for patients with WT.
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1 Introduction

Wilms tumor (WT), the most common genitourinary tract cancer in the pediatric
population, accounts for approximately 5% of all pediatric cancers (Tang et al.,
2021). Over the past 50 years, the 5-year overall survival (OS) rate of WT
in developed countries surpass 90% thanks to the concerted efforts of surgery,
chemotherapy, and radiotherapy. However, event survival rates for children with
certain disease types, such as undifferentiated pathological tumors, recurrent tumors,
bilateral nephroblastomas, and unilateral high-risk nephroblastomas, remains low,
with serious long-term complications (Gratias et al., 2016; Wong et al., 2016). All
known mutations to date account for up to 50% of WT cases (Zhuo et al., 2021).
Therefore, clarifying the molecular pathways of metastasis and progression while
identifying novel treatment targets for WT survival and prognosis is significant.
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The most recent studies on the mechanisms have demonstrated
that cancer patients have significantly higher amounts of copper
in tissues, serum, and cells (Blockhuys et al., 2017; Bian et al.,
2022). Cuproptosis is a novel cell death pathway discovered
by Tsvetkov et al. They found that lipoylated dihydrolipoamide
S-acetyltransferase (DLAT) aggregation, which is related to
mitochondrial tricarboxylic acids, may be attributed to an increase
in intracellular copper. The tricarboxylic acid cycle promotes
cell death and produces a proteotoxic stimulus (Tsvetkov et al.,
2022). Moreover, recent findings demonstrated that cuproptosis
was strongly correlated with various diseases, as well as cancer
(Lv et al., 2022; Mangalmurti and Lukens, 2022; Moos et al.,
2022). For this reason, identifying cancer-related cuproptosis
biomarkers that can be used to facilitate improvement in patient
progression and outcome prediction is of significance. Huang et al.
successfully established a risk prediction model for WT through
machine learning approaches and identified cuproptosis-related
clusters encompassing five pivotal coding-genes. Notably, their
investigation primarily centered onprotein-coding genomic features
(Huang et al., 2024).

Long noncoding RNAs (lncRNAs) represent a class of
over 200 transcribed genomic elements that orchestrate gene
regulation through transcriptional control, post-transcriptional
modification, and epigenetic reprogramming (Jandura and
Krause, 2017). The tumorigenic roles of lncRNAs have been
extensively characterized across malignancies, with emerging
evidence confirming their pathological significance in WT
pathogenesis. Notably, Wang et al. (2024). Demonstrated that
SNHG6 exhibits significant upregulation in both WT tissues and
cellular models compared to normal controls. Mechanistically,
this oncogenic lncRNA orchestrates multiple pro-tumorigenic
processes by simultaneously promoting cellular proliferation,
enhancing glycolytic metabolism, and suppressing apoptotic
pathways. Complementing these findings, Zhang et al. (2019b).
Identified SOX21-AS1 as another dysregulated lncRNA showing
marked overexpression in WT specimens relative to adjacent
non-tumor tissues and embryonic renal cells. Clinically, elevated
SOX21-AS1 expression correlates with aggressive disease
features, including larger tumor dimensions, advanced-stage
presentation, and unfavorable histological subtypes. Functionally,
experimental silencing of this lncRNA not only attenuated
proliferative capacity and colony formation efficiency but also
induced G1/S phase arrest through p57-mediated cell cycle
regulation.

Although oncogenic roles of lncRNA are well-documented,
the interplay between lncRNAs and cuproptosis remains
characterized (Evans et al., 2016). Emerging studies have
established that lncRNAs not only critically regulate tumor immune
microenvironments through immune cell infiltration modulation
but also orchestrate cytokine networks and checkpoint molecule

Abbreviations: LncRNA, Long non-coding RNA; WT, Wilms tumor; OS,
Overall survival; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; TMB, Tumor mutation burden; TIDE, Tumor Immune
Dysfunction and Exclusion; GDSC, Genomics of Cancer Drug Sensitivity
database; TME, Tumor microenvironment; ROC, Receiver operator
characteristic curve; FHWT, Favorable Histology Wilms Tumor; DAWT,
Diffuse Anaplastic Wilms Tumor.

expression. Furthermore, accumulating evidence demonstrates
that specific lncRNAs create immunosuppressive niches via
dual mechanisms: epigenetic remodeling of stromal components
and direct lymphocyte interactions, thereby positioning them
as promising immunotherapeutic targets. Building upon this
mechanism, Li et al. (2024) demonstrated that cuproptosis-
related lncRNAs may regulate tumor immune surveillance escape
through immune infiltration-associated molecular pathways
in lung cancer. Concurrently, independent investigations have
revealed that elevated intratumoral copper ion concentrations
promote PD-L1 upregulation through the HIF-1α/PD-L1 axis,
whereas copper chelator administration effectively counteracts
this immune evasion phenomenon in esophageal cancer
(Sun et al., 2024).

Despite growing interest in cuproptosis regulation,
the mechanistic roles of lncRNAs in WT pathogenesis
remain underexplored. Key outstanding challenges in this
area encompass: (1) Inadequate utilization of TARGET
and TCGA databases for identifying WT-associated
lncRNA signatures, (2) Unresolved clinical applicability of
cuproptosis-related lncRNAs as diagnostic biomarkers, and
(3) Uncharacterized interplay between lncRNA-modulated
cuproptosis pathways and tumor microenvironment. To
systematically bridge these knowledge gaps, we conducted
a comprehensive multi-omics study integrating: (1)
LASSO-based machine learning algorithms for prognostic
signature development, (2) Multidimensional immune
profiling combining ESTIMATE, CIBERSORT, MCP-
counter and Xcell analytical frameworks, and (3) Predictive
modeling of immunotherapy responsiveness through TIDE
computational platform.

Our systematic investigation uncovered clinically relevant
lncRNA signatures that modulate cuproptosis pathways,
thereby shaping immuno-microenvironments in Wilms tumor.
These findings elucidate the mechanistic underpinnings of
copper metabolism dysregulation during tumor progression
and highlight potential novel therapeutic targets for
Wilms tumor.

2 Materials and methods

2.1 Data gathering and handling

TheTARGET database was utilized to acquire additional human
expressed and medical data for WT, which were subsequently
made accessible on the TCGA data portal (https://portal.gdc.cancer.
gov/projects/TARGET-WT, accessed 10 Feb 2025), encompassing a
cohort of 125WT patients.The procedure is succinctly delineated as
follows. In this study, the TPM (Transcripts per million) expression
profile data of TARGET-WT (Wilms Tumor) was downloaded from
the TCGA official website. The probe IDs (ensemble ID) in the
expression profile were converted into protein-coding mRNA and
lncRNA using gencode v36 annotation file. After obtaining the
expression spectrum, if an mRNA corresponds to multiple probes,
the average value of these probes is considered as the expression
level for this mRNA. During data partitioning, this study employed
the createDataPartition function from R package caret to randomly
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TABLE 1 Clinical features of 125 patients with Wilms tumor.

Clinical features Patients (n = 125)

Number Percentage (%)

Gender

Female 71 56.8

Male 54 43.2

Race

White 92 73.6

Non-White 33 26.4

Age (years)

<5 78 62.4

≥5 47 37.6

Survival status

Alive 75 60

Dead 50 40

Histologic classification

FHWT 83 66.4

DAWT 42 33.6

Clinical stage

Stage I 16 12.8

Stage Ⅱ 49 39.2

StageⅢ 46 36.8

StageⅣ 14 11.2

Notes: FHWT, Favorable Histology Wilms Tumor. DAWT, diffuse anaplastic wilms tumor.

allocate all data into training and validation sets at a 1:1 ratio. Table 1
provides a comprehensive summary of the participants’ clinical
characteristics.

2.2 Generation of cuproptosis-related
lncRNAs

An extensive literature searchwas performed to identify protein-
coding genes related to cuproptosis (Polishchuk et al., 2019;
Aubert et al., 2020; Hong et al., 2020; Yi et al., 2020; Dong et al.,
2021; Ren et al., 2021; Xu F. et al., 2021; Kahlson and Dixon,
2022; Tsvetkov et al., 2022). The fundamental functionalities and
literature references of the 19 cuproptosis-associated genes can
be found in Supplementary Table S1.The relationship between genes
and lncRNAs associated with cuproptosis was then evaluated using
the Spearman correlation analysis. Only coefficients above 0.4 with
p-values less than 0.01 were considered significant.

2.3 Cuproptosis-related lncRNA signature
characterization and verification

The study enrolled 125 patients and assigned them randomly
to the testing and training groups. The LASSO Cox regression
method was utilized to establish the lncRNA signature linked
with cuproptosis. The following formula was used to generate
the risk score: Risk score = (expressionlncRNA1 × βlncRNA1) +
(expressionlncRNA2 × βlncRNA2) + . + (expression lncRNA n × β lncRNA n).
The testing group, training group, and entire cohort were then
categorized into a high- and low-risk group based on their median
risk scores. Variations in OS between the low- and high-risk groups
were verified using the Kaplan-Meier analysis.

Furthermore, we conducted an in-depth analysis of the clinical
characteristics and identified significant independent predictors
using Cox regression analysis. Additionally, we developed a
personalized clinical signature and nomogram based on lncRNAs
associated with cuproptosis to accurately estimate the 1-, 3-, and
5-year survival rates in individuals with WT. Finally, we validated
the predictive efficacy of the nomogram through calibration curve
analysis and assessment of consistency index (C-index).

2.4 Construction and functional
enrichment analysis of the lncRNA–mRNA
co-expression network

The correlation between cuproptosis-related lncRNAs and
mRNA expression was assessed using the Pearson correlation
coefficient (|r| > 0.3, p < 0.001). Additionally, R software with
clusterProfiler packages (Yu et al., 2012) was employed to
visualize the lncRNA-mRNA co-expression network. Furthermore,
Gene Ontology (GO) functional enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
were performed, with visualization achieved through R software
utilizing the limma package.

2.5 Tumor mutation burden (TMB) analyses

The quantity of nonsynonymous point mutations in somatic
cells was also calculated and shown for each sample using
the R package maftools (Xu Q. et al., 2021) and TMB used
nonsynonymous points and code-switching inconsistencies with a
detection threshold of 5%. Next, survival curves and risk scores for
TMB were derived by comparing the low- and high-risk groups.

2.6 Profiling of immunology characteristics

The “readxl” package (https://cran.r-project.org/web/packages/
readxl/index.html) in R was utilized to evaluate immune cells
and responses in the two groups. The ESTIMATE, CIBERSORT,
MCPcounter (Lin et al., 2024), and xcell procedures were employed
to determine the percentage of each immune cell type in all
individuals belonging to the low and high-risk groups. Activity
level for the 13 immunity-related functions was determined, and
differences between both groups were compared using the “GSVA”
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package in R. Similarly, Pearson correlation analysis was used to
characterize the connection between cuproptosis-linked lncRNAs
and immune checkpoints.

2.7 Drug sensitivity analysis

Evaluating the response to immunotherapy in WT patients
using the Tumor Immune Dysfunction and Exclusion (TIDE)
framework, available at http://tide.dfci.harvard.edu, can assist
physicians in identifying patients who are more likely to derive
benefit from immunotherapy. The ‘vroom, rio’ package was utilized
for visualizing the TIDE scores of both low- and high-risk groups.
Additionally, leveraging the Genomics of Cancer Drug Sensitivity
database (GDSC), accessible at http://www.cancerrxgene.org/, we
employed the pRRophetic software package to evaluate drug IC50
values and predict sensitivity for chemotherapy with statistical
significance determined by P values <0.05. This analysis accounted
for variations in drug sensitivity between low- and high-risk groups.

2.8 Statistical analysis

The Wilcoxon rank-sum test was employed to determine
differences between the low- and high-risk groups. All statistical
analyses were conducted using R (version 4.1.2), with a significance
level of P < 0.05, unless otherwise specified. The survminer package
in R was utilized to estimate overall survival for the two groups,
while Cox regression analysis was performed to assess survival rates.
Time-dependent receiver operating characteristic (ROC) curves
were generated using the time ROC package in R. Heatmap was
constructed using the heatmap package, and data visualization was
accomplished using ggplot2 (V4.1.2).

3 Results

3.1 Cuproptosis-related lncRNA
recognition with predictive significance

We identified a total of 125 wild-type samples, from which
we obtained 19,938 mRNAs and 16,877 lncRNAs. Furthermore,
we compiled a curated list of 19 protein-coding genes (NLRP3,
DLAT, NFE2L2, ATP7B, FDX1, ATP7A, SLC31A1, LIAS, GCSH,
LIPT1, PDHA1, GLS, LIPT2, CDKN2A,DLD,MTF1, PDHB, DBT
and DLST) that are closely associated with cuproptosis.

3.2 Production of the cuproptosis-related
lncRNA landscape

This study included a total of 125 patients with WT, out
of which 63 were randomly assigned to the training group,
while the remaining patients were allocated to the testing group
through randomization. Table 1 presents an overview of the clinical
characteristics of the included individuals with WT. Importantly,
no significant differences in clinical characteristics were observed
between the testing and training groups (Supplementary Table S2).

We compiled a list of 19 genes associated with cuproptosis based
on literature review and GO annotations. Spearman correlation
analysis identified 1,277 lncRNAs related to cuproptosis that showed
correlation with cuproptosis-related genes (Figure 1A).

The identification of cuproptosis-related lncRNAs was
accomplished through a two-step analysis. Firstly, univariate
Cox regression analysis was conducted in the training group,
resulting in the identification of 28 lncRNAs significantly
associated with prognosis (Figure 1B). Secondly, to address
multicollinearity, LASSO Cox regression analysis was performed
to select predictive features, leading to the extraction of eight
lncRNAs from the previously identified set of 28 cuproptosis-
related lncRNAs (Figures 1C, D), namely, IRAG1-AS1, AF064860.2,
AC233266.2, LINC01063, AC084781.2, LINC01518, UNC5B-
AS1 and AL050404.1. The association between these eight
lncRNAs and the set of 19 cuproptosis-related genes is depicted
in Figure 1e.

According to their respective gene risk coefficients (β)
and expression levels, the risk scores for each lncRNA
were calculated as follows: IRAG1-AS1∗3.30054925,544,454,
AF064860.2∗1.01850795,166,343, AC233266.2∗−0.415315455,163,
119,LINC01063∗0.901425676,879,008,AC084781.2∗1.74313414,998,
208,LINC01518∗3.93205970,154,075,UNC5BAS1∗0.404293992,468,
113, and AL050404.1∗0.82931678,500,327. These eight cuproptosis-
related lncRNAs exhibited strong correlationswith other genes related
to cuproptosis within our study cohort. For instance, AL050404.1
was positively correlated with ATP7B, ATP7A, etc., but negatively
correlatedwithGCSH.Whereas, LINC01063waspositively correlated
with GLS,LIPT1, etc., but negatively correlated with DLAT, DBT, etc.

3.3 Authenticating the lncRNA signature
associated with cuproptosis

To validate the accuracy and prognostic value of the cuproptosis-
related lncRNA signature, the training group was stratified into
high-risk (n = 31) and low-risk (n = 32) groups based on the
median risk score. To evaluate the predictive accuracy of the model,
Kaplan-Meier (K-M) survival curves were constructed to compare
overall survival (OS) between different risk groups. The results
revealed that the model exhibited high predictive accuracy, with
statistically significant differences in survival outcomes observed
between the groups (training cohort: p = 0.028; test cohort and entire
cohort: p < 0.001; Figures 2A–C). As depicted in Figures 2D–F,
risk curves presenting the distribution of risk scores across
the training, testing, and entire cohorts indicated a significantly
higher proportion of deceased patients in the high-risk group
compared to the low-risk group. Scatter plots (Figures 2G–I) were
generated based on the survival status of each sample within
the training, testing, and overall cohorts. Furthermore, heatmaps
illustrated the expression patterns of the eight cuproptosis-related
lncRNAs associated with the risk model in both high-risk and
low-risk cohorts (Figures 2J–L). To identify differences between
high- and low-risk individuals, principal component analysis was
conducted using the “scatterplot3d” and “ggplot2” packages for
R. The results of our study revealed a distinct disparity in the
gene expression profile between the high- and low-risk cohorts
(Supplementary Figure S1).
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FIGURE 1
Construction of the cuproptosis-associated lncRNA model. (a) The relationship between mRNAs and cuproptosis-related lncRNAs was demonstrated
using the Sankey Diagram. (b) The Forest plot displays the 28 lncRNAs with hazards ratios (95% confidence intervals) and p values for their correlation
with Wilms tumor prognosis based on univariate Cox proportional hazards analysis. (c) Coefficients for cuproptosis-related lncRNAs were calculated
using LASSO regression. The corresponding risk coefficients (β) are presented below. IRAG1-AS1 (3.30), AF064860.2 (1.02), AC233266.2 (0.42),
LINC01063 (0.90), AC084781.2 (1.74), LINC01518 (3.93), UNC5BAS1 (0.40), and AL050404.1 (0.83). (d) Confidence intervals at each lambda. (e) The
association between the eight predictive cuproptosis-linked lncRNAs and the 19 cuproptosis-associated genes was presented using a heat plot.

3.4 Development of nomograms for
individualized prognosis prediction

To determine whether the lncRNA signature associated with
cuproptosis could function as an independent prognostic indicator
in patients with Wilms tumor, we conducted multivariate and
univariate Cox regression analyses. The results of the multivariate
Cox regression analysis revealed that cancer stage, histologic
score, and risk score were robust predictors of prognosis in
individuals with WT (Figure 3A). Furthermore, the univariate Cox

regression analysis demonstrated that sex, risk score, and cancer
stage independently predicted prognosis among subjects with WT
(Figure 3B).Moreover, the ROC curves illustrated that the risk score
exhibited a significantly higher area under the curve value (0.818)
compared to other clinical characteristics (Figure 3C). Notably, the
lncRNA signature associated with cuproptosis displayed substantial
predictive value at 1-, 3-, and 5-year time points, as evidenced by
ROC values of 0.818, 0.765, and 0.713 respectively (Figure 3D). In
order to enhance the accuracy of current prognostic models, we
developed a nomogram tool based on the relationship between
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FIGURE 2
A risk prediction model for subjects with Wilms tumor. (a–c) Overall survival was compared between the high- and low-risk groups in the training
group, testing group, and entire cohort. (d–f) Risk curves were created based on the risk scores of each sample from the training group, testing group,
and entire cohort. (g–i) Scatter plots were created according to each sample survival status in the training group, testing group, and entire cohort. (j–l)
Expression heat maps for the eight cuproptosis-related lncRNAs were shown for the testing group, training group, and entire cohort.

clinical characteristics and the cuproptosis-associated lncRNA
signature. As depicted in Figure 3E and Supplementary Figure S2,
this model generated a nomogram with a c-index of
0.727 which facilitated predictions regarding survival
rates at 1-, 3-, and 5-year time points for individuals
diagnosed with WT.

3.5 LncRNA–mRNA co-expression network
construction

The lncRNA-mRNA network was constructed to investigate
the potential involvement of lncRNAs associated with curoptosis
in WT tumors. Notably, this network comprised 404 lncRNA-
mRNA pairings involving eight distinct lncRNAs and 400
unique mRNAs (Supplementary Figure S3A). Subsequently,
the GO analysis revealed significant enrichment of cellular
components in the ‘DNA packaging complex’, biological
processes in the ‘cytokine-mediated signaling pathway’, and
molecular function primarily in ‘protein heterodimerization
activity’ (Supplementary Figure S3B). Moreover, KEGG

pathway analysis demonstrated that the top five enriched
pathways included cytosolic DNA-sensing, lysine degradation,
RIG-I-like receptor, NF-kappa B, and RIG-I-like receptor
signaling pathways (Supplementary Figure S3C).

3.6 Relationship between the risk score of
cuproptosis-related lncRNA signature and
TMB

The somatic mutation profiles were analyzed in both the low-
and high-risk groups.Notably, a significant increase in the frequency
of somatic mutations was observed for BCOR (14% vs 0%) and
TTN (10% vs 7%) in the high-risk group (Figure 4A), whereas an
elevated occurrence of somatic mutations was found for TP53 (24%
vs 40%) and WT1 (0% vs 7%) in the low-risk group (Figure 4B).
Furthermore, there was no discernible difference in tumormutation
burden (TMB) between the high- and low-risk groups (Figure 4C),
while survival time did not significantly differ between individuals
with higher or lower TMB levels (p = 0.086, Figure 4D). However,
the prognosis deteriorated in the high-risk group as TMB increased,
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FIGURE 3
Clinical implications of cuproptosis-related lncRNAs in Wilms tumor. (a) Multivariate and (b) univariate Cox proportional hazards analysis to determine
whether cuproptosis-related lncRNA risk scores were independent predictors of prognosis. (c) Receiver operating characteristic (ROC) curves for
clinical characteristics and signature-based risk scores. (d) ROC curves were used to verify the prognostic value of the risk scores for all cases. (e) A
nomogram combining both clinicopathological parameters and risk scores to predict the 1-, 3-, and 5-year survival of individuals with WT.

underscoring a significant synergy between these two measures
(p = 0.015, Figure 4E).

3.7 Correlation analysis of different groups
and immunologic characteristics

The immune infiltration level in the low- and high-
risk groups was evaluated using ESTIMATE, MCPcounter,
CIBERSORT, and xcell algorithms (Figure 5A). The results
demonstrated an enrichment of adipocytes, CD8+-naïve T
cells, basophils, Tgd cells, Th1 cells, dendritic cells, and
cancer-related fibroblasts in the low-risk group (all p < 0.05,
Figures 5B–H). NKT cells, CD4+-naïve T cells, Th2 cells, B

cells, and M1 macrophages were found to be concentrated in
the high-risk group (all p < 0.05, Figures 5I–M). Moreover, the
expression levels of TNFSF15, TNFRSF25, PDCD1, and ICOSLG
immune checkpoint molecules were relatively higher in the
high-risk group (Figure 5N).

3.8 Drug sensitivity analysis

A comparison of the TIDE scores between both groups found
that the low-risk group had significantly higher scores than
the high-risk group (p = 0.036, Figure 6A). More importantly,
this indicated that the low-risk group had a weaker immune
response to treatment, as well as a large possibility for cancer
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FIGURE 4
Link between the cuproptosis-related lncRNA risk score and tumor mutation burden (TMB). The waterfall plot revealed the somatic mutations in the 15
most important genes in the high- (a) and low-risk (b) groups. (c) The TMB was compared between the high- and low-risk groups. (d) Kaplan–Meier
curves for both elevated and reduced TMB groups. (e) Kaplan–Meier curves stratified according to TMB and risk score across subgroups.

immune escape. To further investigate the impact of risk scores
on treatment outcomes in patients with WT, we conducted
a study evaluating treatment response in high-risk and low-
risk WT patients. Accordingly, we discovered that individuals
with high- and low-risk WT exhibited significant variations
in the estimated IC50 values of the 13 therapeutic agents
and that subjects with high-risk exhibited increased sensitivity
to all 13 therapeutic agents (The lower the IC50 value, the
greater the efficacy in inducing tumor cell death, all p < 0.05,
Figures 6B–N).

4 Discussions

Despite being the most prevalent pediatric renal cancer, Wilms
tumor (WT) or nephroblastoma can be effectively managed
following the standard treatment protocol outlined in the
International Society of Pediatric Nephrology guidelines. This
comprehensive approach includes preoperative chemotherapy,
surgical intervention, and postoperative care. However, it is
concerning that 15% of children still experience relapses, with a
majority occurring within 2 years of initial diagnosis. Furthermore,
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FIGURE 5
Immune-related characteristics of the high- and low-risk groups. (a) Heat map showing the immune status of the low- and high-risk groups according
to ESTIMATE, MCPcounter, CIBERSORT, and xcell algorithms. (b–m) Comparison of immune cell infiltration between the low- and high-risk groups. (n)
Relationship between cuproptosis-associated lncRNAs and risk scores and immune checkpoint.

the survival rate for recurrent cases stands at 50%, primarily
influenced by specific high-risk factors such as bilateral WT, disease
types associated with unfavorable prognosis, advanced tumor stage,
and prior treatments (Spreafico et al., 2009; Pritchard-Jones et al.,
2012; Malogolowkin et al., 2013; Brok et al., 2016; Brok et al., 2018).
Therefore, it is imperative to identify prospective prognosticmarkers
and molecular characteristics unique to WT patients in order to
optimize patient outcomes.

As a trace element in the human body, copper facilitates the
function of various copper-dependent enzymes, such as superoxide
dismutase 1 (Cu/Zn-SOD), ceruloplasmin (CP), cytochrome

oxidase (Cox), and angiopoietin (Tapiero et al., 2003). The active
homeostasis mechanism maintains cellular copper ion levels at
extremely low concentrations. When accumulated intracellularly,
copper plays a vital role in mammalian physiological processes
including iron absorption, redox chemistry, free radical scavenging,
mitochondrial respiration, and elastin cross-linking. However,
exceeding a certain threshold renders copper toxic and induces
cell death (Liu S. J. et al., 2021). Cuproptosis was initially identified
by Todd R. Golub (Tsvetkov et al., 2022), who elucidated the
involvement of disrupted copper metabolism and mitochondrial
imbalances in cell demise. Nevertheless, the precise contribution of
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FIGURE 6
The role of the prognostic risk scoring model in chemotherapy. (a) Comparison of TIDE scores between the high - and low-risk groups. (b–n)
Comparison of sensitivity to chemotherapeutic agent (IC50) between the high- and low-risk groups. The lower the IC50 value, the greater the efficacy
in inducing tumor cell death. Notes: BI-2536 (Polo-like kinase I inhibitor), EX-527(Sirtuin one inhibitor), KIN001-135 (PI3K inhibitor), Ispinesib Mesylate
(KIF11 inhibitor), NSC-207895 (XIAP inhibitor), Phenformin (Mitochondrial Complex I inhibitor), Ruxolitinib (Janus kinase one and two inhibitor),
SB590885 (BRAF inhibitor), SNX-2112 (HSP90 inhibitor), TAK-715 (p38 MAPK inhibitor), TW37 (Bcl-2 inhibitor), Zibotentan (Endothelin Receptor A
inhibitor), Z-LLNle-CHO (Proteasome inhibitor).

cuproptosis to WT remains unclear. Therefore, screening for genes
associated with cuproptosis and identifying biomarkers capable
of predicting responses to immunotherapy and chemotherapy
represent promising strategies for enhancing therapeutic efficacy
and reducing mortality rates in WT.

According to recent studies, lncRNAs are likely to play a
pivotal role in regulating key components of the cuproptosis
pathway. Specifically, these lncRNAs may modulate intracellular
copper homeostasis by regulating the expression of copper
transporters such as CTR1 and ATP7A/B, which are crucial for
maintaining appropriate cellular copper levels. Dysregulation of
these transporters can lead to copper ion accumulation, thereby
causing mitochondrial dysfunction and ultimately inducing cell
death. Moreover, lncRNAs may also regulate genes involved in

mitochondrial respiration and reactive oxygen species (ROS)
production. The excessive ROS generated by mitochondria can
further exacerbate cellular damage and trigger cuproptosis,
consequently affecting tumor cell growth (Bhat et al., 2024).

The TCGA database serves as a robust and comprehensive
resource for tumor research. Luo Y et al. utilized this database
to investigate RNA modification-related genes in breast cancer,
identifying WDR4 as a critical factor contributing to the RMscore.
The inhibition of WDR4 was shown to significantly impair breast
cancer progression both in vitro and in vivo (Luo et al., 2024).
Additionally, Tian W leveraged this database to uncover a novel
gene signature in breast cancer that not only accurately predicts
clinical prognosis and metastasis but also offers strong support
for personalized clinical decision-making. Our findings not only
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provide a valuable reference for personalized medicine but also
underscore the reliability of the TCGA database in facilitating
biomarker discovery andmechanistic exploration (Tian et al., 2023).

Previous studies have suggested that aberrant lncRNA
expressionmay facilitate the development and progression of cancer
(Da et al., 2021; Liu S. J. et al., 2021;Meng et al., 2022). However, this
study is the first comprehensive investigation into the involvement
of lncRNAs associated with cuproptosis in WT. In this study,
we identified eight cuproptosis-related lncRNAs (IRAG1-AS1,
AF064860.2, AC233266.2, LINC01063, AC084781.2, LINC01518,
UNC5B-AS1, and AL050404.1) through LASSO regression and
multivariate Cox regression analysis (Figure 1). Among these,
UNC5B-AS1 was found to be a risk factor for poor osteosarcoma
prognosis (Yang et al., 2022), promoting liver cancer cell migration,
growth, and epithelial-mesenchymal transition (Huang et al., 2021),
as well as exhibiting high expression levels in papillary thyroid
carcinoma (Kim et al., 2022). Furthermore, LINC01063 has been
identified as an oncogene in melanoma (Xu et al., 2022) and an
autophagy-associated lncRNA capable of predicting colorectal
tumor prognosis (Duan et al., 2022), while LINC01518 has been
shown to function as an endogenous competing RNA in esophageal
squamous cell carcinoma (Zhang D. et al., 2019). To date, no
detailed investigations have been conducted on the remaining five
cuproptosis-related lncRNAs. In order to categorize individuals into
low-risk or high-risk groups, a risk score was calculated based on
their genetic traits. Our findings suggest that the established risk
score serves as an independent prognostic factor for patients with
WT. Survival analysis revealed significantly poorer outcomes in the
high-risk group compared to the low-risk group (Figure 2).

After establishing the initial prospective model for cuproptosis-
related analysis, we determined that the risk score serves as an
accurate indicator of patient prognosis and overall survival (OS).
Our findings from the ROC curve demonstrate that cuproptosis-
related long non-coding RNAs possess sufficient predictive utility
in evaluating OS among WT patients, surpassing ferroptosis-
related lncRNAs (Liu H. et al., 2021). Furthermore, our nomogram
risk assessment of this prognostic risk score validates our model.
The implementation of our nomogram may enable physicians to
tailormonitoring strategies specific to each patient withWT, thereby
advancing medical interventions to improve clinical outcomes.

The tumor mutation burden (TMB) is a known factor
that has a significant correlation with immunotherapy. A study
demonstrated that high TMB scores were indicative of favorable
immunotherapy outcomes in multiple tumor cases (Liu et al., 2022).
However, our findings did not show any notable variation in TMB
between the high- and low-risk groups. This could potentially
be attributed to the limited sample size of the aforementioned
studies. Interestingly, when integrating TMB with risk scores, we
discovered that individuals in the elevated TMB and high-risk
group exhibited the worst survival rates (Figure 4E), suggesting
that risk factors have a crucial impact on patient survival.
Another study revealed that Tumor Immune Dysfunction and
Exclusion (TIDE) was a superior method for modeling tumor
immune escape and effectively predicting the immunotherapeutic
impact of malignancies (Sha et al., 2022). The present study
represented the first attempt to compare TIDE scores between
low- and high-risk cohorts. The unexpected inverse correlation
observed between risk scores and TIDE scores further suggests

that individuals at higher risk may derive greater benefits from
immunotherapy.

Evidence indicates that copper plays a pivotal role in
immune regulation (St Paul and Ohashi, 2020; Culbertson and
Culotta, 2021; Raskov et al., 2021). The infiltration of cells
may enhance our empirical understanding of the outcomes of
antitumor treatment in WT, thereby facilitating more effective
immunotherapy techniques to elucidate the function of cuproptosis
in the tumor microenvironment (TME). In this study, the
low-risk group demonstrated increased infiltration of immune
cells, such as CD8+T cells, adipocytes, basophils, Tgd cells,
Th1 cells, cancer-associated fibroblasts, and activated dendritic
cells, compared to the high-risk group, indicating a stronger
anti-cancer immune response. The low-risk group exhibited
enhanced infiltration of immune cells, including CD8+ T cells,
adipocytes, basophils, Tgd cells, Th1 cells, cancer-associated
fibroblasts, and activated dendritic cells when compared to the
high-risk group (Figure 5). This suggests a more robust anti-cancer
immune response.

The presence of high concentrations of Th1 cells in the tumor
microenvironment also contributes to a favorable prognosis
(Fridman et al., 2012). Our findings indicate that the high-
risk group exhibited elevated levels of NKT cells, CD4+ T cells,
Th2 cells, B cells, and M1 macrophages. It is worth noting
that B cells can exhibit both anti-cancer and cancer-promoting
properties simultaneously, highlighting their heterogeneity
(Sharonov et al., 2020). Several types of tumors with enriched NK
cell populations such as gastric, colorectal, pulmonary, hepatic, and
urinary system cancers often demonstrate improved prognoses.
However, the effectiveness of NK cell activity within the tumor
microenvironment is frequently limited (Terrén et al., 2019).
The results from our study further support this conclusion. The
findings suggest that the assessment of TMB, TIDE, and TME
may serve as a more robust approach in predicting the response to
immunotherapy.

In this study, we determined the IC50 curves of 13 anticancer
drugs (BI-2536, EX-527, Ispinesib mesylate, KIN001-135, NSC-
207895, Phenformin, Ruxolitinib, SB590885, SNX-2112, TAK-715)
to predict their efficacy in pharmacotherapy (Figure 6). The IC50
values of all 13 drugs were found to be higher in the low-risk group
compared to the high-risk group. Significant differences in drug
sensitivity were observed between these risk groups. These findings
provide valuable guidance for physicians when selecting drug agents
based on risk scores.

In conclusion, we observed a significant association between
cuproptosis-related lncRNA signatures and the prognosis of
patients with WT. Furthermore, we assessed the relationship
between establised risk scores and efficacy of chemotherapy
and immunotherapy. The findings of this study may provide
a novel exploratory approach to unraveling the cuproptosis
pathway and expanding current insights into the treatment of
WT patients.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

Frontiers in Molecular Biosciences 11 frontiersin.org

https://doi.org/10.3389/fmolb.2025.1566551
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Li and Li 10.3389/fmolb.2025.1566551

accession number(s) can be found below: https://portal.gdc.cancer.
gov/projects/TARGET-WT.

Author contributions

YL: Formal Analysis, Funding acquisition, Investigation,
Methodology, Software, Validation, Data curation, Resources,
Visualization, Writing – original draft, Writing – review and
editing. ML: Formal Analysis, Funding acquisition, Investigation,
Methodology, Software, Validation,Writing – original draft,Writing
– review and editing, Conceptualization, Project administration,
Supervision.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was financially
supported by Startup Fund for scientific research, Fujian Medical
University (2021QH1176 and 2022QH1024).

Acknowledgments

We are grateful for the spell and grammar check of this
manuscript made by Tao Chen (Harvard Medical School). We
acknowledge TCGA and TARGET databases for data sharing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.2025.
1566551/full#supplementary-material

References

Aubert, L., Nandagopal, N., Steinhart, Z., Lavoie, G., Nourreddine, S., Berman, J.,
et al. (2020). Copper bioavailability is a KRAS-specific vulnerability in colorectal cancer.
Nat. Commun. 11 (1), 3701. doi:10.1038/s41467-020-17549-y

Bhat, A. A., Afzal, M., Moglad, E., Thapa, R., Ali, H., Almalki, W. H., et al. (2024).
lncRNAs as prognosticmarkers and therapeutic targets in cuproptosis-mediated cancer.
Clin. Exp. Med. 24 (1), 226. doi:10.1007/s10238-024-01491-0

Bian, Z., Fan, R., and Xie, L. (2022). A novel cuproptosis-related prognostic gene
signature and validation of differential expression in clear cell renal cell carcinoma.
Genes. (Basel) 13 (5), 851. doi:10.3390/genes13050851

Blockhuys, S., Celauro, E., Hildesjö, C., Feizi, A., Stål, O., Fierro-González, J. C., et al.
(2017). Defining the human copper proteome and analysis of its expression variation in
cancers.Metallomics 9 (2), 112–123. doi:10.1039/c6mt00202a

Brok, J., Lopez-Yurda, M., Tinteren, H. V., Treger, T. D., Furtwängler, R., Graf, N.,
et al. (2018). Relapse of Wilms’ tumour and detection methods: a retrospective analysis
of the 2001 renal tumour study group-international society of paediatric oncology
Wilms’ tumour protocol database. Lancet Oncol. 19 (8), 1072–1081. doi:10.1016/s1470-
2045(18)30293-6

Brok, J., Treger, T. D., Gooskens, S. L., van denHeuvel-Eibrink,M.M., and Pritchard-
Jones, K. (2016). Biology and treatment of renal tumours in childhood. Eur. J. Cancer
68, 179–195. doi:10.1016/j.ejca.2016.09.005

Culbertson, E. M., and Culotta, V. C. (2021). Copper in infectious disease: using both
sides of the penny. Semin. Cell. Dev. Biol. 115, 19–26. doi:10.1016/j.semcdb.2020.12.003

Da, M., Zhuang, J., Zhou, Y., Qi, Q., and Han, S. (2021). Role of long noncoding RNA
taurine-upregulated gene 1 in cancers. Mol. Med. 27 (1), 51. doi:10.1186/s10020-021-
00312-4

Dong, J., Wang, X., Xu, C., Gao, M., Wang, S., Zhang, J., et al. (2021). Inhibiting
NLRP3 inflammasome activation prevents copper-induced neuropathology in a
murine model of Wilson’s disease. Cell. Death Dis. 12 (1), 87. doi:10.1038/s41419
-021-03397-1

Duan, L., Xia, Y., Li, C., Lan, N., and Hou, X. (2022). Identification of autophagy-
related LncRNA to predict the prognosis of colorectal cancer. Front. Genet. 13, 906900.
doi:10.3389/fgene.2022.906900

Evans, J. R., Feng, F. Y., and Chinnaiyan, A. M. (2016).The bright side of dark matter:
lncRNAs in cancer. J. Clin. Invest. 126 (8), 2775–2782. doi:10.1172/jci84421

Fridman, W. H., Pagès, F., Sautès-Fridman, C., and Galon, J. (2012). The immune
contexture in human tumours: impact on clinical outcome. Nat. Rev. Cancer 12 (4),
298–306. doi:10.1038/nrc3245

Gratias, E. J., Dome, J. S., Jennings, L. J., Chi, Y. Y., Tian, J., Anderson, J., et al. (2016).
Association of chromosome 1q gain with inferior survival in favorable-histologyWilms
tumor: a report from the Children’s oncology group. J. Clin. Oncol. 34 (26), 3189–3194.
doi:10.1200/jco.2015.66.1140

Hong, W., Liang, L., Gu, Y., Qi, Z., Qiu, H., Yang, X., et al. (2020). Immune-
related lncRNA to construct novel signature and predict the immune landscape
of human hepatocellular carcinoma. Mol. Ther. Nucleic Acids 22, 937–947.
doi:10.1016/j.omtn.2020.10.002

Huang, J., Li, Y., Pan, X., Wei, J., Xu, Q., Zheng, Y., et al. (2024). Construction
of a Wilms tumor risk model based on machine learning and identification of
cuproptosis-related clusters.BMCMed. Inf. Decis.Mak. 24 (1), 325. doi:10.1186/s12911-
024-02716-8

Huang, X., Pan, J., Wang, G., Huang, T., Li, C., Wang, Y., et al. (2021).
UNC5B-AS1 promotes the proliferation, migration and EMT of hepatocellular
carcinoma cells via regulating miR-4306/KDM2A axis. Cell. Cycle 20 (20), 2114–2124.
doi:10.1080/15384101.2021.1962632

Jandura, A., and Krause, H. M. (2017). The new RNA world: growing
evidence for long noncoding RNA functionality. Trends Genet. 33 (10), 665–676.
doi:10.1016/j.tig.2017.08.002

Kahlson, M. A., and Dixon, S. J. (2022). Copper-induced cell death. Science 375
(6586), 1231–1232. doi:10.1126/science.abo3959

Kim, D., Yu, J., Kim, J., Hwang, Y. A., Kim, J. K., Ku, C. R., et al. (2022). Use of long
non-coding RNAs for the molecular diagnosis of papillary thyroid cancer. Front. Oncol.
12, 924409. doi:10.3389/fonc.2022.924409

Li, X., Zhao, Y., Wei, S., Dai, Y., and Yi, C. (2024). Construction of a cuproptosis-
tricarboxylic acid cycle-associated lncRNAmodel to predict the prognosis of non-small
cell lung cancer. Transl. Cancer Res. 13 (12), 6807–6824. doi:10.21037/tcr-24-660

Frontiers in Molecular Biosciences 12 frontiersin.org

https://doi.org/10.3389/fmolb.2025.1566551
https://portal.gdc.cancer.gov/projects/TARGET-WT
https://portal.gdc.cancer.gov/projects/TARGET-WT
https://www.frontiersin.org/articles/10.3389/fmolb.2025.1566551/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2025.1566551/full#supplementary-material
https://doi.org/10.1038/s41467-020-17549-y
https://doi.org/10.1007/s10238-024-01491-0
https://doi.org/10.3390/genes13050851
https://doi.org/10.1039/c6mt00202a
https://doi.org/10.1016/s1470-2045(18)30293-6
https://doi.org/10.1016/s1470-2045(18)30293-6
https://doi.org/10.1016/j.ejca.2016.09.005
https://doi.org/10.1016/j.semcdb.2020.12.003
https://doi.org/10.1186/s10020-021-00312-4
https://doi.org/10.1186/s10020-021-00312-4
https://doi.org/10.1038/s41419-021-03397-1
https://doi.org/10.1038/s41419-021-03397-1
https://doi.org/10.3389/fgene.2022.906900
https://doi.org/10.1172/jci84421
https://doi.org/10.1038/nrc3245
https://doi.org/10.1200/jco.2015.66.1140
https://doi.org/10.1016/j.omtn.2020.10.002
https://doi.org/10.1186/s12911-024-02716-8
https://doi.org/10.1186/s12911-024-02716-8
https://doi.org/10.1080/15384101.2021.1962632
https://doi.org/10.1016/j.tig.2017.08.002
https://doi.org/10.1126/science.abo3959
https://doi.org/10.3389/fonc.2022.924409
https://doi.org/10.21037/tcr-24-660
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Li and Li 10.3389/fmolb.2025.1566551

Lin, X., Zheng, J., Cai, X., Liu, L., Jiang, S., Liu, Q., et al. (2024). Glycometabolism
and lipid metabolism related genes predict the prognosis of endometrial carcinoma
and their effects on tumor cells. BMC Cancer 24 (1), 571. doi:10.1186/s12885-024-
12327-1

Liu, H., Zhang, M., Zhang, T., Shi, M., Lu,W., Yang, S., et al. (2021a). Identification of
a ferroptosis-related lncRNA signature with prognosis forWilms tumor. Transl. Pediatr.
10 (10), 2418–2431. doi:10.21037/tp-21-211

Liu, J., Geng, R., Ni, S., Cai, L., Yang, S., Shao, F., et al. (2022). Pyroptosis-
related lncRNAs are potential biomarkers for predicting prognoses and immune
responses in patients with UCEC. Mol. Ther. Nucleic Acids 27, 1036–1055.
doi:10.1016/j.omtn.2022.01.018

Liu, S. J., Dang, H. X., Lim, D. A., Feng, F. Y., and Maher, C. A. (2021b).
Long noncoding RNAs in cancer metastasis. Nat. Rev. Cancer 21 (7), 446–460.
doi:10.1038/s41568-021-00353-1

Luo, Y., Tian,W., Kang, D.,Wu, L., Tang,H.,Wang, S., et al. (2024). RNAmodification
gene WDR4 facilitates tumor progression and immunotherapy resistance in breast
cancer. J. Adv. Res. doi:10.1016/j.jare.2024.06.029

Lv, H., Liu, X., Zeng, X., Liu, Y., Zhang, C., Zhang, Q., et al. (2022). Comprehensive
analysis of cuproptosis-related genes in immune infiltration and prognosis in
melanoma. Front. Pharmacol. 13, 930041. doi:10.3389/fphar.2022.930041

Malogolowkin, M., Spreafico, F., Dome, J. S., van Tinteren, H., Pritchard-Jones, K.,
van den Heuvel-Eibrink, M. M., et al. (2013). Incidence and outcomes of patients
with late recurrence of Wilms’ tumor. Pediatr. Blood Cancer 60 (10), 1612–1615.
doi:10.1002/pbc.24604

Mangalmurti, A., and Lukens, J. R. (2022). How neurons die in Alzheimer’s
disease: Implications for neuroinflammation. Curr. Opin. Neurobiol. 75, 102575.
doi:10.1016/j.conb.2022.102575

Meng, W., Li, Y., Chai, B., Liu, X., and Ma, Z. (2022). miR-199a: a tumor suppressor
with noncoding RNA network and therapeutic candidate in lung cancer. Int. J. Mol. Sci.
23 (15), 8518. doi:10.3390/ijms23158518

Moos, W. H., Faller, D. V., Glavas, I. P., Harpp, D. N., Kamperi, N., Kanara, I.,
et al. (2022). Treatment and prevention of pathological mitochondrial dysfunction in
retinal degeneration and in photoreceptor injury. Biochem. Pharmacol. 203, 115168.
doi:10.1016/j.bcp.2022.115168

Polishchuk, E. V., Merolla, A., Lichtmannegger, J., Romano, A., Indrieri, A.,
Ilyechova, E. Y., et al. (2019). Activation of autophagy, observed in liver tissues
from patients with wilson disease and from ATP7B-deficient animals, protects
hepatocytes from copper-induced apoptosis. Gastroenterology 156 (4), 1173–1189.e5.
doi:10.1053/j.gastro.2018.11.032

Pritchard-Jones, K., Moroz, V., Vujanić, G., Powis, M., Walker, J., Messahel,
B., et al. (2012). Treatment and outcome of Wilms’ tumour patients: an analysis
of all cases registered in the UKW3 trial. Ann. Oncol. 23 (9), 2457–2463.
doi:10.1093/annonc/mds025

Raskov, H., Orhan, A., Christensen, J. P., and Gögenur, I. (2021). Cytotoxic
CD8(+) T cells in cancer and cancer immunotherapy. Br. J. Cancer 124 (2), 359–367.
doi:10.1038/s41416-020-01048-4

Ren, X., Li, Y., Zhou, Y., Hu, W., Yang, C., Jing, Q., et al. (2021). Overcoming
the compensatory elevation of NRF2 renders hepatocellular carcinoma cells more
vulnerable to disulfiram/copper-induced ferroptosis. Redox Biol. 46, 102122.
doi:10.1016/j.redox.2021.102122

Sha, S., Si, L., Wu, X., Chen, Y., Xiong, H., Xu, Y., et al. (2022). Prognostic analysis of
cuproptosis-related gene in triple-negative breast cancer. Front. Immunol. 13, 922780.
doi:10.3389/fimmu.2022.922780

Sharonov, G. V., Serebrovskaya, E. O., Yuzhakova, D. V., Britanova, O. V., and
Chudakov, D. M. (2020). B cells, plasma cells and antibody repertoires in the tumour
microenvironment. Nat. Rev. Immunol. 20 (5), 294–307. doi:10.1038/s41577-019-0257-x

Spreafico, F., Pritchard Jones, K., Malogolowkin, M. H., Bergeron, C., Hale, J., de
Kraker, J., et al. (2009). Treatment of relapsed Wilms tumors: lessons learned. Expert
Rev. Anticancer Ther. 9 (12), 1807–1815. doi:10.1586/era.09.159

St Paul, M., and Ohashi, P. S. (2020). The roles of CD8(+) T cell subsets in antitumor
immunity. Trends Cell. Biol. 30 (9), 695–704. doi:10.1016/j.tcb.2020.06.003

Sun, X., Li, L., Yang, X., Ke, D., Zhong, Q., Zhu, Y., et al. (2024). Identification of
a novel prognostic cuproptosis-associated LncRNA signature for predicting prognosis
and immunotherapy response in patients with esophageal cancer. Heliyon 10 (9),
e30277. doi:10.1016/j.heliyon.2024.e30277

Tang, F., Lu, Z., Lei, H., Lai, Y., Lu, Z., Li, Z., et al. (2021). DNA methylation
data-based classification and identification of prognostic signature of children
with Wilms tumor. Front. Cell. Dev. Biol. 9, 683242. doi:10.3389/fcell.2021.
683242

Tapiero, H., Townsend, D. M., and Tew, K. D. (2003). Trace elements in
human physiology and pathology. Copper. Biomed. Pharmacother. 57 (9), 386–398.
doi:10.1016/s0753-3322(03)00012-x

Terrén, I., Orrantia, A., Vitallé, J., Zenarruzabeitia, O., and Borrego, F. (2019).
NK cell metabolism and tumor microenvironment. Front. Immunol. 10, 2278.
doi:10.3389/fimmu.2019.02278

Tian,W., Luo, Y., Tang, Y., Kong, Y.,Wu, L., Zheng, S., et al. (2023). Novel implication
of the basement membrane for breast cancer outcome and immune infiltration. Int. J.
Biol. Sci. 19 (5), 1645–1663. doi:10.7150/ijbs.81939

Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al.
(2022). Copper induces cell death by targeting lipoylated TCA cycle proteins. Science
375 (6586), 1254–1261. doi:10.1126/science.abf0529

Wang, Y., Liu, J., Yao, Q., Wang, Y., Liu, Z., and Zhang, L. (2024). LncRNA SNHG6
promotes Wilms’ tumor progression through regulating miR-429/FRS2 Axis. Cancer
Biother Radiopharm. 39 (4), 264–275. doi:10.1089/cbr.2020.3705

Wong, K. F., Reulen, R. C., Winter, D. L., Guha, J., Fidler, M. M., Kelly, J., et al.
(2016). Risk of adverse health and social outcomes up to 50 Years after Wilms
tumor: the British childhood cancer survivor study. J. Clin. Oncol. 34 (15), 1772–1779.
doi:10.1200/jco.2015.64.4344

Xu, F., Huang, X., Li, Y., Chen, Y., and Lin, L. (2021a). m(6)A-related lncRNAs are
potential biomarkers for predicting prognoses and immune responses in patients with
LUAD.Mol. Ther. Nucleic Acids 24, 780–791. doi:10.1016/j.omtn.2021.04.003

Xu, J., Ou, R., Nie, G., Wen, J., Ling, L., Mo, L., et al. (2022). LINC01063 functions
as an oncogene in melanoma through regulation of miR-5194-mediated SOX12
expression.Melanoma Res. 32 (4), 218–230. doi:10.1097/cmr.0000000000000803

Xu, Q., Chen, S., Hu, Y., and Huang, W. (2021b). Clinical M2 macrophages-related
genes to aid therapy in pancreatic ductal adenocarcinoma. Cancer Cell. Int. 21 (1), 582.
doi:10.1186/s12935-021-02289-w

Yang, M., Zheng, H., Xu, K., Yuan, Q., Aihaiti, Y., Cai, Y., et al.
(2022). A novel signature to guide osteosarcoma prognosis and immune
microenvironment: cuproptosis-related lncRNA. Front. Immunol. 13, 919231.
doi:10.3389/fimmu.2022.919231

Yi, L., Wu, G., Guo, L., Zou, X., and Huang, P. (2020). Comprehensive analysis
of the PD-L1 and immune infiltrates of m(6)A RNA methylation regulators in
head and neck squamous cell carcinoma. Mol. Ther. Nucleic Acids 21, 299–314.
doi:10.1016/j.omtn.2020.06.001

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package
for comparing biological themes among gene clusters. Omics 16 (5), 284–287.
doi:10.1089/omi.2011.0118

Zhang, D., Zhang, H., Wang, X., Hu, B., Zhang, F., Wei, H., et al. (2019a).
LINC01518 knockdown inhibits tumorigenicity by suppression of PIK3CA/Akt
pathway in oesophageal squamous cell carcinoma. Artif. Cells Nanomed Biotechnol. 47
(1), 4284–4292. doi:10.1080/21691401.2019.1699815

Zhang, J., Hou, T., Qi, X., Wang, J., and Sun, X. (2019b). SOX21-AS1 is associated
with clinical stage and regulates cell proliferation in nephroblastoma. Biosci. Rep. 39
(5). doi:10.1042/bsr20190602

Zhuo, Z., Hua, R. X., Zhang, H., Lin, H., Fu, W., Zhu, J., et al. (2021). METTL14 gene
polymorphisms decreaseWilms tumor susceptibility in Chinese children. BMC Cancer
21 (1), 1294. doi:10.1186/s12885-021-09019-5

Frontiers in Molecular Biosciences 13 frontiersin.org

https://doi.org/10.3389/fmolb.2025.1566551
https://doi.org/10.1186/s12885-024-12327-1
https://doi.org/10.1186/s12885-024-12327-1
https://doi.org/10.21037/tp-21-211
https://doi.org/10.1016/j.omtn.2022.01.018
https://doi.org/10.1038/s41568-021-00353-1
https://doi.org/10.1016/j.jare.2024.06.029
https://doi.org/10.3389/fphar.2022.930041
https://doi.org/10.1002/pbc.24604
https://doi.org/10.1016/j.conb.2022.102575
https://doi.org/10.3390/ijms23158518
https://doi.org/10.1016/j.bcp.2022.115168
https://doi.org/10.1053/j.gastro.2018.11.032
https://doi.org/10.1093/annonc/mds025
https://doi.org/10.1038/s41416-020-01048-4
https://doi.org/10.1016/j.redox.2021.102122
https://doi.org/10.3389/fimmu.2022.922780
https://doi.org/10.1038/s41577-019-0257-x
https://doi.org/10.1586/era.09.159
https://doi.org/10.1016/j.tcb.2020.06.003
https://doi.org/10.1016/j.heliyon.2024.e30277
https://doi.org/10.3389/fcell.2021.683242
https://doi.org/10.3389/fcell.2021.683242
https://doi.org/10.1016/s0753-3322(03)00012-x
https://doi.org/10.3389/fimmu.2019.02278
https://doi.org/10.7150/ijbs.81939
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1089/cbr.2020.3705
https://doi.org/10.1200/jco.2015.64.4344
https://doi.org/10.1016/j.omtn.2021.04.003
https://doi.org/10.1097/cmr.0000000000000803
https://doi.org/10.1186/s12935-021-02289-w
https://doi.org/10.3389/fimmu.2022.919231
https://doi.org/10.1016/j.omtn.2020.06.001
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1080/21691401.2019.1699815
https://doi.org/10.1042/bsr20190602
https://doi.org/10.1186/s12885-021-09019-5
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Data gathering and handling
	2.2 Generation of cuproptosis-related lncRNAs
	2.3 Cuproptosis-related lncRNA signature characterization and verification
	2.4 Construction and functional enrichment analysis of the lncRNA–mRNA co-expression network
	2.5 Tumor mutation burden (TMB) analyses
	2.6 Profiling of immunology characteristics
	2.7 Drug sensitivity analysis
	2.8 Statistical analysis

	3 Results
	3.1 Cuproptosis-related lncRNA recognition with predictive significance
	3.2 Production of the cuproptosis-related lncRNA landscape
	3.3 Authenticating the lncRNA signature associated with cuproptosis
	3.4 Development of nomograms for individualized prognosis prediction
	3.5 LncRNA–mRNA co-expression network construction
	3.6 Relationship between the risk score of cuproptosis-related lncRNA signature and TMB
	3.7 Correlation analysis of different groups and immunologic characteristics
	3.8 Drug sensitivity analysis

	4 Discussions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

